
AD-A146 21@ DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN 1/2
FILHS(U) UNIVERSITY OF SOUTHERN CALIFORNIA LOS ANGELES
OPTICAL MATERIA. A R TANGURY JUL 84 USC/OMDL-ii8i

UNCLASSIFIED ARO-i629i.3-PN DRAG29-79-C-0i75 F/G 2816 W



aa..

lull-

1.5JL 11.6

MICRCOP REOUTO TZE STHAR
MA MA 11111!sim m gs

ALI1Its,



Z60 'a- 11

* UNIVERSITY OF SOUTHERN CALIFORNIA

DIELECTRIC AND OPTICAL PROPERTIES

OF SPUTTERED THIN FILMS

GRANT DAAG-79-C-0175 --
15 September, 1979 - 14 September, 1983 4?

E FINAL TECHNICAL REPORT

Ru Submitted To:

U. S. Army Research Office
P. 0. Box 12211

Research Triangle Park, NC 27709

Submitted By:

Optical Materials and Devices Laboratory

University of Southern California

July, 1984

10

DTIC
IECTE,• OCT 1 S84 LA" .

B 2- IMAGE PROCESSING INSTITUTE

B -- -- .1-,: ~m~,,, ,,w,-84 09 25 169
DktmnU. lw l e



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

UNCLASSIFIED
2& SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

APPROVED FOR PUBLIC RELEASE:
2b. DECLASSIFICATION/OOWNGRADING SCHEDULE DISTRIBUTION UNLIMITED

4. PERFORMING ORGANIZATION REPORT NUMBERIS) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

USC OMDL-11O1

G& NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATIONUIVESITTY OF SOUITHERN (if applicable)
ULIERIY OU. S. ARMY RESEARCH OFFICE
CAL IFORN IA _______________________________

6c. ADDRESS (City. State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)

OPTICAL MATERIALS AND DEVICES LABORATORY P. 0. 3OX 12211
UNIVERISTY PARK MC-0483 RESEARCH TRIANGLE PARK NC 27709
LOS ANGELES, CALIFORNIA 90089-0483

So. NAME OF FUNDING/SPONSORING Sb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable) DAAG29-79-C-0175/

Sc. ADDRESS (City. State and ZIP Code) 10. SOURCE OF FUNDING f4OS.

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.

11. TITLE (Include Security Classification DIELECTRIC AND
OPTICAL PROPERTIES OF SPUTTERED THIN FILMS

12. PERSONAL AUTHOR(S)

DR. ARMAND R. TANGUAY, JR.
13.. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo.. Day) 15. PAGE COUNT

FINAL REPORT FROM 9/15/79 TO 9/14/83 1984, JULYI 135
16. SUPPLEMENTARYNOTATION The views, opinions, and/or findings contained in this report are
those of the author and should not be construed as an official Department of the Army posi-
tion. policy. or decision. unless so designated by other documentation.

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if neceeary and identify by block number)

FIELD GROUP SUB. GR. SPATIAL LIGHT MODULATORS, PROM, PRIZ, POCKELS READOUT OPTICAL
. G MODULATOR, ELECTROOPTIC SPATIAL LIGHT MODULATORS, DIELECTRIC
i 7THIN FILMS, RF SPUTTERING, SPECTROSCOPIC ELLIPSOMETRY, (over)

19. ABSTRACT (Continue on reverse if necesary and identify by block, number)

The primary focus of this research program concerned the optimization of the resolution %
of Electrooptic Spatial Light Modulators such as the Pockels Readout Optical Modulator

(PROM), for applications in optical processing and computing.

The initial approach derived from the realization that the resolution and sensitivity
of Electrooptic Spatial Light Modualtors depend strongly on the parameters describing the
thin film dielectric layers utilized in the device. In particular, the resolution of a
multi-layer Electrooptic Spatial Light Modulator was shown to increase dramatically with
increasing layer dielectric constant and with decreasing layer thickness. Thus, RF magne-
tron sputtering was investigated as a means of depositing novel thin film overcoatings with
enhanced dielectric constants (of order 50) while maintaining extremely high values of the
dielectric breakdown strength and volume resistivity. A thin film deposition facility was
designed, constructed, and evaluated that has provision for two cylindrical magnetron
sputterguns, a DC plasma/RF triode sputtergun, in situ mass spectrometric residual gas

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIEO/UNLIMITED KX SAME AS RPT. 0 OTIC USERS C UNCLASSIFIED

22a. NAME OF RESPONSIBLE INDIVIDUAL 2 2 b. TELEPHONE NUMBER 22c. OFFICE SYMBOL
(include Aroea Code)

DO FORM 1473, 83 APR EDITION OF 1 JAN 73 IS OBSOLETE. UNCLASSIFI£D -
SECURITY CLASSIFICATION OF THIS PAUE



UNCLASSIFIED

-' .1 SECURITY CLASSIFICATION OF THIS PAGE

18. SUBJECT TERMS (continued)

OPTICAL INFORMATION PROCESSING

19. ABSTRACT (continued)

diagnostics, and an optically shaft-encoded, digitally controlled planetary system.
In addition, a scanning spectroscopic ellipsometer was constructed for analysis of a
broad range of thin film parameters.

The focus of the research evolved early on in the program to incorporate an
extensive theoretical and experimental study of the charge carrier dynamics in the
active electrooptic/photoconductive device layer, and to determine the impact of such
exposure-induced charge distributions on the sensitivity and resolution of the devices.
The electric field distribution for the full three layer dielectric problem was solved
analytically for the first time, incorporating layer thickness, layer dielectric con-
stants, and point charge location in the resultant expression. A longitudinal charge
transport model was developed to determine the effects of device constitutive, material,
and exposure parameters on the resultant longitudinal charge distribution. These results
allowed for the calculation of the resultant sensitivity and resolution by means of a
Greens function method. Most importantly, it was demonstrated that very large improve-
ments in both sensitivity and resolution can be achieved through optimized device design

0 and operational mode. Experimental results on devices constructed during the course of
the research program conclusively supported the theoretical predictions.

A novel spatial light modulator concept (the Photorefractive Incoherent-to-
Coherent Optical Converter) was discovered during the course of the program that operates
on the principle of selective spatial erasure of a holographically written diffraction
grating. This device offers surprisingly good performance at a very low fabrication
cost compared to all other currently available devices.

4%,

%m

'Ilk

~UNCLAS5I1ILU

'p..

".1

-- SECURITY CLASSIFICATION OF THIS PAGE



... . .... .." ' " ""** " " '"*~

,.. - -. '

DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN FILMS

TABLE OF CONTENTS

SECTION PAGE 1, @

LIST OF FIGURES 4

LIST OF APPENDICES 5

1. INTRODUCTION 6

2. STATEMENT OF TECHNICAL OBJECTIVES 10

3. SUMMARY OF RESEARCH PROGRAM 11

4. PUBLICATIONS 24

4.1 PUBLISHED MANUSCRIPTS 24

4.2 CONFERENCE PRESENTATIONS 26

5. SCIENTIFIC PERSONNEL 29

* 6. REFERENCES 30

0

DTIC
E..ECTEt :" 2 '

S OCT 1 1984-

.. . # .' . . '



- , . .. 5...- , .S , -- - . - . - - , j ti

Iv*'

DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN FILMS -

LIST OF FIGURES

SECTION PAGE

Fig. 1 Schematic diagram of USC Sputter Deposition/ 13

Ion Mill Facility. -

Fig. 2 Schematic diagram of USC Computer-Controlled 16 4.4.-

Spectroscopic Ellipsometer Facility.

0

%I

I ,,,,,AS



DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN FILMS

S.

p.

-.'

* LIST OF APPENDICES

APPENDIX PAGE

App. I. Effects of Charge Dynamics and Device Parameters 34
on the Resolution of Electrooptic Spatial Light
Modulators

App. II. Exposure-Induced Charge Distribution Effects on the 46
Modulation Transfer Function (MTF) of Electrooptic
Spatial Light Modulators

&pp. III. Spatial Light Modulators for Real Time Optical 60
Processing

App. IV. Effects of Operating Mode on Electrooptic Spatial 85
Light Modulator Resolution and Sensitivity

App. V. Effects of Crystallographic Orientation on 88
Electrooptic Spatial Light Modulator Amplitude and
Phase Responses

App. VI. Theoretical Resolution Limitations of Electrooptic 92
Spatial Light Modulators. I. Fundamental Consider-
ations

App. VII. Theoretical Resolution Limitations of Electrooptic 101
Spatial Light Modulators. II. Effects of Crystallo-
graphic Orientation

App. VIII. Photorefractive Incoherent-to-Coherent Optical 110
Converter

App. IX. Photorefractive Incoherent-to-Coherent Optical 113
Conversion

App. X. Photorefractive Incoherent-to-Coherent Optical 120
Converter: Physical and Materials Considerations

C.t

te S
* ~ b 1



1. INTRODUCTION

Of critical importance to the eventual performance of numerous coherent optical

image processors and highly parallel computers is the development of a high speed,

recyclable, linear, high resolution, selectively erasable image storage transducer operable

in nearly real time. Applications for such a transducer abound, including incoherent-to-

6 coherent conversion, pattern recognition and image feature extraction, level slicing, edge

enhancement, low light level image integration, scratch pad memory, and page

composition for data entry in holographic memory systems. In response to this need, a

wide variety of candidate devices have been proposed in the past ten years, based on

photochromic, liquid crystal, photorefractive, magnetooptic, electrooptic, deformable

membrane, thermoplastic, photodtchroic, and ambidextrous effects in numerous

configurations. (see, for example, (1) and [21). The device category comprised of

Electrooptic Spatial Light Modulators contains a number of leading candidates, due to a

combination of wide dynamic range, high sensitivity, Intermediate storage time, relative

simplicity of construction and operation, and long term durability. This category includes

the Pockels Readout Optical Modulator or PROM (3, 41 a Soviet modification of the PROM

* called the PRIZ [5, 61 the Microchannel Spatial Ught Modulator (MSLM) [7, 8i the TITUS

(e--beam DKDP) [9, 101 -and photo-TITUS (Se-DKDP) [10,' and the Photorefractive

Incoherent-to-Coherent Optical Converter,[11, 12, 131

The PROM is a two-dimensional spatial light modulator and image storage device

comprised of a thin electrooptic crystal sandwiched between transparent insulating layers

and transparent conducting electrodes. In operation, an input-image Intensity distribution

creates electron-hole pairs near one electrooptic crystal Insulating layer interface-which

separate under the influence of an applied field. This charge separation results in a

redistribution of voltage between the electrooptic crystal and Insulating layers. A two-

dimensional electric field replica of the Input Intensity distribution is thus created which

can be read out utilizing polarized light (of wavelength beyond the photoconductivity

edge for nondestructive readout) via the linear electrooptic effect. Both transmissive and 0

reflective readout schemes are possible, as are both amplitude and phase modulation.

The PROM relies for its successful operation on the rather unique combination of

properties required of the active electrooptic material. These properties include

photoconductivity with high quantum efficiency, optical transparency in the visible

spectrum, a large dielectric constant, very high resistivity, and a sizeable electrooptic

0' 0
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effect. In addition, the usual materials constraints must be satisfied, including ease of

growth, control of crystal perfection, and reproducibility of critical characteristics. At the

present time, bismuth silicon oxide (Bi 12SiO20 ) Is the material of choice for the PROM on

the basis of the above requirements.

Bismuth silicon oxide (BSO) is a cubic (space group 123), photoconductive,

electrooptic, semi-insulating material that has found applications in a number of

technologically important devices. In addition to its unique qualifications for use in the

Pockels Readout Optical Modulator and the PRIZ (a Soviet version of the PROM utilizing

crystallographic orientations of BSO other than <001 >), BSO has been reported as having

among the highest known photorefractive sensitivities for read-write volume holographic

storage with associated high-quality image reconstruction [14, 151 Real time double

exposure interferometry with BSO crystals utilized in a transverse electrooptic

configuration has been achieved, offering new flexibility to nondestructive test procedures

[161 Furthermore, Bi 12SiO20 belongs to a family of isomorphic compounds that may find

wide application in integrated optics [171 The importance of bismuth silicon oxide to

these optical device applications is supplemented by equally intriguing acoustic

propagation characteristics, which have guaranteed its usefulness in various surface

acoustic wave (SAW) device configurations [181

Major features of the operational physics of the PROM that determine its suitability

for specific applications in optical processing include resolution, sensitivity, charge

transport, and operational modes (including prime, superprime, and erasure). All four of

these important characteristics can be shown to be fundamentally interrelated and

dependent on the device material and constitutive properties (including, for example, the

thickness and dielectric constants of the dielectric blocking layers), as well as on the

charge dynamics of the bismuth silicon oxide layer during exposure to writing

illumination. Previous treatments of electrooptic spatial light modulator resolution

(through calculations of the ideal electrostatic modulation transfer function) [19, 201

neglected important space charge redistribution effects, and hence could not be 0

compared directly with experiment. The one dimensional charge transfer model of

Sprague [211 was advanced to predict the wavelength dependence of the exposure

sensitivity, but has been shown to contain several errors. Under the ARO-funded

research program, a comprehensive model of the sensitivity and resolution of electrooptic

spatial light modulators has been developed which resolves many of these previous

-A 0C
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shortcomings, as described in detail in Section 3. In particular, the model allows

examination of the mechanism involved in the resolution-enhancing "superprime" mode of

* operation [221

A novel electrooptic configuration has been proposed for PROM-like devices that

utilizes only transverse electric field components instead of the usual use of longitudinal

10 field components in the traditional PROM structure [5, 61 Such "PRIZ" (a Soviet acronym

for image transducer*) structures were reported to exhibit enhanced resolution and

sensitivity, as well as orientational selectivity, dc suppression, and (in a modified PRIZ

device) dynamic change detection (sensitivity only to the component in the image that

*• changes with time at greater than a threshold rate) [23, 24, 25, 261. The sensitivity and

resolution characteristics of the PRIZ-type devices have been modeled, and compared

with corresponding PROM characteristics (27, 28, 29, 30, 31, 321. This comparison

revealed a strong dependence on device operating mode, input wavelength, applied bias,

and integrity of the dielectric blocking layers [31, 321 Further, significant signal-

dependent phase modulation was discovered for the PRIZ geometries that does not occur

in the PROM [281 These considerations led to the discovery of a modified PRIZ

i• configuration that promises to circumvent a number of PROM and PRIZ shortcomings [331.

Details of this new device are provided in Section 3.

The Microchannel Spatial Ught Modulator [7, 81 has been developed by Prof.

Cardinal Warde at the Massachusetts Institute of Technology. Fundamentally, it is an

image-intensified version of the TITUS [9, 101 device, in which an electron beam is

utilized to deposit spatially-modulated charge on the surface of an electrooptic crystal.

The charge pattern is sensed by means of the longitudinal or transverse electrooptic

effect, in direct analogy to the readout method employed for the PROM and PRIZ. In the
MSLM configuration, gain is provided by a microchannel plate, which both accelerates and

multiplies electrons emitted from a photocathode to result in enhanced charge deposition

per incident photon. Adjustment of the gap potential between the microchannel plate and

the crystal surface allows for both positive and negative writing modes, and for numerous

optical processing and optical logic functions (341 Results of a collaborative effort to

further understand and Improve MSLM device performance are described in the Research

Program Summary.

Another exceedingly Interesting electrooptic spatial light modulator Is the

Photorefractive Incoherent-to-Coherent Optical Converter [10, 11, 121. This novel device

N
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-. is based on volume holographic storage in photorefractive materials such as bismuth

silicon oxide. In operation, an incoherently-illuminated image plane is used to selectively

erase a uniform volume phase grating in the BSO crystal, resulting in a two-dimensional

incoherent-to-coherent conversion. Although the write, read, and erase functions are

conceptually distinct from those characterizing the PROM, many similarities in device

physics exist such that contributions to understanding in one case lead naturally to useful

implications in the other.

Prospective Department of Defense applications for this array of real time image

storage devices are numerous. The PROM. PRIZ, MSLM, and/or the PICOC devices are

expected to be particularly useful in pattern recognition (friend/foe identification, smart

tracking systems, geodetic and terrestrial agricultural surveys, celestial navigation

systems), feature enhancement and feature extraction, data compression prior to

bandwidth-limited transmission, and optical computing (high speed algorithms for two-

dimensional calculations). In addition, the real time formation of synthetic aperture radar

*. images has recently been demonstrated utilizing an electrooptic spatial light modulator

[35, which provides exceptional weight, power, size, and cost advantages over

* competitive all-electronic approaches. Photorefractive devices exhibit tremendous

- promise for real time holographic nondestructive testing [361 and for the implementation

of certain classes of nonlinear functions (371 on two-dimensional images for use in

4 feature identification and topographic analysis. Furthermore, they are envisioned as

• potential solutions to the problem of dynamically programmable optical interconnections

for VLSI and wafer-scale integrated circuits [38, 391

1
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2. STATEMENT OF TECHNICAL OBJECTIVES

The primary objective of this research program was to develop methods of

enhancing the sensitivity and resolution of Electrooptic Spatial Light Modulators such as

the Pockels Readout Optical Modulator (PROM) [3, 41 and the PRIZ [5, 61. The initial

approach was to explore the utilization of sputter-deposited inorganic refractory oxide

*) coatings of high dielectric constant, high dielectric breakdown strength, and high

resistivity as dielectric blocking layers in the various devices. The potential advantage of

such coatings is significantly enhanced device resolution as the dielectric constant is

increased toward that of the active electrooptic crystal layer (c(BSO) - 56 'o), and as the

layer thickness is reduced (while maintaining high voltage standoff capability).

In parallel with the approach focused on dielectric blocking layer modification, a

theoretical and experimental effort to determine the contribution of volume space charge

redistribution effects to the sensitivity and resolution of Electrooptic Spatial Light AR

Modulators was undertaken. It was discovered early on that the effects of charge

redistribution were quite striking, and the research program was subsequently reoriented

to focus primarily on device physical understanding that could be utilized to optimize the

design and operation of available devices.

The principal results of these investigations are summarized in the following

Section.

- k1Z
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3. SUMMARY OF RESEARCH PROGRAM

As described in Section 2 (above), the completed research program was

characterized by two principal efforts undertaken in order to improve the resolution and

sensitivity of Electrooptic Spatial Light Modulators. The principal results are summarized

in separate sections below, comprising Section 3.1, "Dielectric and Optical Properties of

*O Sputtered Thin Films" and Section 3.2, "Fundamental Properties of Electrooptic Spatial

Light Modulators".

3.1 DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN FILMS

- The initial approach to the objective of improving the resolution and/or sensitivity

of Electrooptic Spatial Light Modulators involved replacing the traditional dielectric

blocking layers of the PROM (vapor deposited parylene, poly-chloro-para-xylylene) with

inorganic sputter-deposited layers. The goal was to obtain new blocking layer coatings

characterized by enhanced dielectric constants (of order 50), enhanced dielectric

breakdown strength (to allow reduction in the layer thickness), and high volume

resistivity. These coatings would provide several additional benefits as well. First, they

would likely exhibit reduced scattering relative to parylene (with a concomitant

enhancement in the Fourier plane signal-to-noise ratio). Second, they should exhibit

improved resistance to humidity-induced dielectric breakdown (a notorious difficulty with

organic coatings). Finally, the inorganic coatings should be stable under UV irradiation,

• and hence be free from the photodecomposition effects observed with parylene coatings.

This portion of the research program was undertaken in collaboration with a

. separately funded program at Itek Corporation, Lexington, Massachusetts (Sputter

4. Deposition of Dielectric Thin Films, DAAG29-77-C-0027; Dr. Ralph E. Aldrich, Principal

Investigator; Final Report: February, 1980). The collaboration was to consist of initial

development of novel coatings at Itek, followed by extensive deposition parametrization

- and thin film characterization at USC. Due to the fact that the Itek effort was
4 discontinued within a few months of the onset of the USC program, the desired

substantive collaboration was not feasible. Nonetheless, members of Itek Optical Systems

Division (notably the principal investigator, Dr. Ralph E. Aldrich) provided us with an

excellent starting base, and continued to interact with our program in a significant way

- throughout the course of the research effort.

The first major effort undertaken was the choice of deposition technology, and

be I
#6
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construction of an appropriate deposition facility. As outlined in detail in the original
grant proposal, RF magnetron sputtering was initially chosen as a technique offering

significant advantages for the deposition of inorganic refractory oxide coatings such as

SiO 2, TiO2 HfO2, Ta20., ZrO2, and others. These advantages include high deposition rates,

separation of target from substrate, independent control of reactive ambient, and the

relative elimination of fractionation characteristic of traditional electron beam and

resistance heating techniques.

Although a system design was completed for an RF/DC multi-gun sputtering system

in the first few months of the grant period, fabrication difficulties and parts shortages

• caused the contractor (Sloan Technology, Santa Barbara) to delay system delivery until

the end of the second grant year. As a result, progress on this program aspect was

delimited relative to the initial plan, which led to a substantial program redirection (as

described more fully in Section 3.2 below).
WS

The assembled system is shown schematically in Fig. 1. An all-cryogenic vacuum

station was assembled to allow for the maintenance of high vacuum conditions in an

organic-free environment. This consisted of a three stage cryosorb forepump manifold

and a CTI-Cryogenics CTI-8 Cryopump. A UTI Mass Spectrometer with differential

turbomolecular pump is used with variable orifices to allow precise determination of

constituent ambient gases during pumpdown and also during deposition. An

argon/oxygen ratiometer/controller is being added to allow accurate control of the i-u

reactive gas mixture during the deposition process. The sputter-deposition sources

include two Sloan S-310 Sputterguns (cylindrical magnetrons that employ 3" diameter

hot-pressed targets) and an L.M. Simard PLASMAX Triode Sputtergun (a planar triode for

1" diameter single crystal targets). A 3 kW RF supply and a 2 kW DC supply provide

either RF (for dielectrics) or DC (for metals) power to the plasma of the S-310 guns

through integrated matching network. A 500 W RF supply and matching network supplies

power to the substrate planetary fixture to allow for pre-depositlon substrate cleaning

and bias sputtering with independent plasma control during deposition. Control 0

electronics and an RF matching network for the PLASMAX sputtergun allow independent

control of the DC plasma current drawn between an anode and cathode, and of the

fraction impinging on the target. -,

Initial system calibration runs were performed with Al targets in the S-310 guns,

resulting In extremely durable and adherent coatings that could be used for determination

•o.
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of the dependence of film thickness on source-substrate separation, and radial profiles

(both stationary and under full planetary motion). It should be noted that the planetary

system is unique in its capability for digital control (using an optical shaft encoder) of

independent planet/sun rotation rates, fixed planetary positions, and shutter position. This

allows for substantial flexibility in deposition mode selection, allowing for multilayer

sequential thin film depositions on a single planet, or highly uniform deposition on a large

number of substrates under full planetary motion.

Subsequent to the calibration runs, film coatings of both indium tin oxide (for

transparent conductive coatings) and silicon dioxide (for transparent dielectric blocking

layers) were deposited from the cylindrical magnetrons. The ITO coatings were of very

high quality, provided 02 was bled into the system at base pressures of approximately

10-4 - 10-3 Torr to mix with the Ar ambient. These films were utilized as transparent

counterelectrodes on a wide range of PROM and PRIZ devices. The silicon dioxide r

coatings obtained from hot-pressed cylindrical targets (supplied by Sloan Technology)

were of disappointing quality, exhibiting significant current leakage and field-bias effects

(likely due to incorporated Na ions). However, silicon dioxide coatings deposited from

* ultra high purity quartz (semiconductor-grade furnace tubing) were of considerable

interest, particularly when deposited under conditions of reverse bias sputtering. Under

such conditions, significant improvements in both film resistivity and film density (as

determined ellipsometrically in comparison of the index of refraction with bulk values)

*) were observed. These results are preliminary in nature, and are under continuing 0

investigation with support from other sources.

Characterization of as-deposited thin films Is complicated and, at times, frustrating.

* In order to gain maximum information from each sputtered coating, we designed and

constructed a computer-controlled spectroscopic ellipsometer in collaboration with Prof.

Anupam Madhukar (USC Department of Materials Science), as described in detail in

succeeding paragraphs. Wavelength-dispersive ellipsometry is capable of providing

* macroscopic (index dispersion, absorption coefficient dispersion, film thickness, real and 0

Imaginary dielectric functions, etc.) as well as microscopic (grain-size, thickness

inhomogenelty, etc.) information about deposited optical coatings. Such information is

vital to the development of optimized coating procedures for multi-parameter deposition

techniques.

The spectroscopic ellipsometer facility comprises a laboratory containing an optical

ei.
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table; the ellipsometer optics and electronics; an array-processor based computer for real

time on-line data analysis, reduction, and interpretation; several terminals with associated

high resolution monitors for data entry, experimental control and theoretical modeling

studies; and a sample preparation area. The ellipsometer has been designed initially with

several goals in mind, following the pioneering and detailed investigations of Aspnes (501:

broad wavelength region of data collection capability, high speed data collection and

essentially real time data reduction and analysis, and associated interactive theoretical

modeling and fitting. To this end, the initial design parameters for the ellipsometric

system have included: a wavelength range of 8000 to 2000 A (1.6 eV to 6.2 eV) in a

maximum of 600 steps of 2 A each, automatic integration of ellipsometric amplitude and

phase measurement cycles for improved signal to noise ratio, real time Fast Fourier

Transforms of the measured ac signal for rapid data accumulation and manipulation, and

optimized overall accuracy in measurement of the dielectric function to 1 part in 0 with

a relative precision of 1 part in 105.

The optical design is best described with reference to Fig. 2. A Xenon arc lamp

(150 W with F/1 UV grade collimating optics) acts as the light source, and is incident on

the mounted sample at an incidence angle of 700 after passage through appropriate

filters (to eliminate unwanted infrared irradiation on the polarizer and sample) and a

synchronously rotating Rochon prism polarizer. An aperture is employed to separate the

ordinary ray from the unwanted extraordinary ray. The reflected beam is passed through

a programmable angle Rochon prism analyzer, and is subsequently focused onto the

entrance slit of a double pass monochromator with holographically ruled gratings. The

signal beam emergent from the monochromator is detected with a high quantum

efficiency photomultiplier, the output of which is current-to-voltage converted, digitized,

and entered in the computer. The PMT power supply has provision for digital Input so

that the gain can be controlled to keep the PMT in its most linear regime regardless of

the wavelength variation in light intensity from the source and variations in sample

reflectance/absorbance. The rotating polarizer Is optically shaft encoded to allow

digitization of its rotation angle (in 256 increments) and consequent absolute phasing. A

programmable shutter has been incorporated to provide automatic baseline compensation
(dark current normalization) at each wavelength step, If desired. The sample is mounted
on a flexible six degree of freedom sample holder that allows high orientational precision

in alignment of the optical train.

0'. .;. .;.,..: ..'. , ,,'.:.. .. ' ,. ..- .'r "; . - ,,, ' -,..,,v. .r ',.., ...,.,. , ., : ., $ ' , ,,].
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Control of the apparatus, data collection, data reduction and error analysis, and

theoretical modeling are implemented by means of an 151 11/23 mainframe with

* associated array processor, disk drive, input/output terminals, high resolution

plotter/monitors, and a line printer/point plotter. The array processor allows a 256 point

discrete Fourier transform to be performed in 50 msec., following data collection and

signal averaging at each wavelength.

Primary system extensions planned for the near future include capability for dry box

(inert gas) sample handling and continuous inert gas overflow during measurement, an

I'.r

ultra-high vacuum system for research requiring atomically clean surfaces (in materials

* systems where adatomn reactions are likely to distort the measurements), associated mass

spectrometric residual gas analysis capability, provision for glow discharge cleaning of

surfaces in situ prior to measurement, and extension of the wavelength region of system

capability to the near infrared (1.6 eV to 0.5 eV).

C...

At the present time, the ellipsometer is fully operational, and calibration runs are in

progress. The potent combination of sputter deposition facilities and a wavelength-

dispersive ellipsometer developed under this research program will provide extensive thin

film deposition and analysis capabilities for a wide range of applications In optical

devices. Research in these areas Is continuing under separate funding.

3.2 FUNDAMENTAL PROPERTIES OF ELECTROOPTIC SPATIAL LIGHT MODULATORS

During the course of the research effort on sputter-deposited coatings, It was

discovered that volume space charge effects within the active electrooptic crystal layer of

ESiMs such as the PROM could have a demonstrably large impact on the resultant

resolution and sensitivity of the devices. With the encouragement of our ARO technical

monitor, Dr. Issa y Lefkowitz, we redirected a substantial portion of the research effort

toward the investigation of this dependence. This redirection resulted In a wide range of

theoretical and experimental discoveries, as described in succeeding paragraphs.

The theoretical and experimental investigation of the factors affecting resolution and

charge transfer dynamics in electrooptic spatial light modulators such as the Pockelsk

Readout Optical Modulator (PROM) 3, 41 l the PRIZ [5, 61 the Microchannel Spatial Light

Modulator (MSLM) [7, 81 and the photo-DKDP [101 and electron-beam-DKDP [9, 101 Image

storage devices is now nearly complete. The theoretical approach to the resolution

Ia
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,' distribution of point charges located at the interface between two dissimilar dielectrics

bounded by ground planes. The electric field modulation resulting from a longitudinal

*O distribution of charges of given transverse spatial frequency can be directly related to the

exposure-dependent modulation transfer function of the device. We have obtained an

analytic expression for the Fourier transform of the voltage distribution from a single

point charge (which is also directly related to the modulation transfer function) for the full
,, three layer dielectric problem, and have extended the theory to include the dependence of

the voltage distribution on the point charge location within the electrooptic crystal. The

resultant analytic expression contains the dielectric constants of the blocking layers and

-. electrooptic crystal, and the thicknesses of the three layers, as well as the location of the

point charge. This formulation allows the effects of charge trapping within the bulk of

the electrooptic crystal to be modeled. In particular, the low spatial frequency response

decreases linearly, and the high spatial frequency response decreases exponentially with
the distance of the point charge from the electrooptic crstal/dielectric blocking layer

interface. Thus the overall sensitivity and resolution are degraded strongly by charge

storage in the bulk away from the interface.

*Utilizing superposition, this formulation has been further extended to accommodate

arbitrary charge distributions of significant physical Interest. In particular, an iterative

exposure-induced charge transfer and trapping model has been formulated to calculate

the charge distribution throughout the electrooptic crystal layer resulting from optical

* exposure at various wavelengths. The charge distributions so obtained have been utilized

to calculate the dependence of the device modulation transfer function on exposure level,

exposure wavelength, device operational mode, mobility-lifetime product, and device

configurational and constitutive parameters. The results indicate that very large variations

in both sensitivity and resolution can result from differences in these parameters. For

example, a substantial Improvement in the resolution Is achieved as the writing

wavelength approaches the band gap of the electrooptic crystal. Such improvements are

4 ( quite striking in experimental device resolution tests. In addition, it has been shown that

In the limit of high spatial frequencies, the modulation transfer function decreases as the

Inverse square of the spatial frequency regardless of the particular shape of the charge

distribution. The shape of the charge distribution does, however, Influence both the

S( device exposure sensitivity and the spatial frequency above which the modulation transfer

function asymptotically approaches the inverse square dependence on spatial frequency.

*% * - *e-9~9
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Application of these results has been made to a wide variety of PROM device

design cases (including both symmetric and asymmetric devices) and specialized

exposure conditions (particularly x-ray (401 and electron-beam [411 sources), as well as to

other types of electrooptic spatial light modulators such as the MSLM and photo-DKDP

devices. Furthermore, the theoretical formulation allows investigation of possible

voltage-modulated recording techniques for resolution enhancement (such as the
0

superprime mode" [31), and of flash erasure sensitivity and completeness. These results

have numerous implications with regard to improving electrooptic spatial light modulator

device resolution [ARO Pubs. 1, 2, 3, 4, 5, 6, 10, 11, 12, 13, 14, 16, 171.

PROM-like structures have been investigated [5, 6; ARO Pubs. 3, 4, 5, 6. 12, 13, 141

that were reported to exhibit significantly enhanced resolution and sensitivity relative to

traditional PROM structures. Such devices are fabricated from bismuth silicon oxide

crystals oriented along <111> and <110> axes, as opposed to the usual <001>

orientation. In these orientations, the longitudinal electrooptic effect does not contribute

to the resultant image amplitude (as in the traditional <001> orientation). Instead, these

novel configurations utilize the transverse electrooptic effect deriving from transverse N
* fields within the bulk of the electrooptic crystal, induced by spatially varying components

of the input Image distribution. Since the electrooptic effect is antisymmetric under
.1.

reversal of the electric field direction, transverse field contributions to the image are

characterized by an antisymmetric point spread function. This implies that the device

modulation transfer function will exhibit a bandpass character with no response at zero

spatial frequency. This characteristic Is useful in some optical processing applications

requiring dc suppression. In addition, since field components in orthogonal transverse

directions couple to different elements of the electrooptic tensor, the mo.jlation transfer

function will be sensitive in general to both the orientation of each spatial frequency

component of the Image (grating wavevector dependence) and to the polarization of the

readout Illumination. This orientation dependence is described in detail in ARO Pubs. 4, 5,

* and 6. Utilization of this effect allows for both one-dimensional and two-dimensional

Image reconstruction through appropriate choice of readout polarization.

We have modified our solution of the three layer dielectric problem to allow u
calculation of the Integrated transverse potential drop (the integration is performed in the

longitudinal or charge motion direction) for both point charge cases and continuous

charge distributions. These calculations allow us to analyze potential PRIZ as well as

if ., j 1 , ~ V%'%~~ ~~ ~ .~ . ~ ~ * ~ 7
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PROM device performance. The results include the dependence of the modulation

transfer function on device constitutive parameters, crystallographic orientation, and

dielectric anisotropy in the electrooptic crystal layer [ARO Pubs. 3, 4, 5, 6, 11, 12, 13, 141.

Numerous <111> and <110> oriented devices have been fabricated in our laboratory

with vapor-deposited parylene blocking layers and RF magnetron sputtered indium tin

oxide transparent conductive electrodes. Primary characterization measurements have

included diffraction efficiency as a function of spatial frequency, which can easily be

related to the modulation transfer function of the device. Experiments to date confirm all

of the ess3ntiai model predictions.

During the measurement program described above, we have established a number

of new observations about transverse field effect PROMs. First and foremost, the

operational mode (direction of externally applied field during the writing sequence) utilized

is critically important to the optimization of device characteristics. In this respect, the V

<001> PROMs and <111> PRIZs show essentially opposite behavior due to significant

differences in response to similarly placed volume charge distributions [ARO Pub. 31.

Hence the operational mode that optimizes <001> PROM performance is opposite from

the operational mode that optimizes <111> PRIZ performance. Second, charge

conservation within the photoconductive/electrooptic crystal layer in general enhances

<001> PROM sensitivity, while diminishing <111> PRIZ sensitivity. Leaky parylene

layers increase <111> PRIZ diffraction efficiency at the expense of device storage time.

* Numerous phase effects have been theoretically derived and experimentally demonstrated

in the <111> PRIZ [ARO Pubs. 4, 61. Although the longitudinal field does not contribute

to the signal amplitude, it can be shown to induce a signal-dependent phase modulation

that Is present in concert with the transverse field-induced signal-dependent amplitude

modulation. Such phase effects diminish the usefulness of the device for applications in -

which Fourier-plane processing is desired, as well as produce point-spread function

anisotropies in the Image plane in the presence of strain birefringence or imperfectly

*. aligned polarizer/analyzer pairs.

In a collaborative effort with Professor Cardinal Warde at the Massachusetts

Institute of Technology, these concepts have recently been applied to the Microchannel

Spatial Light Modulator [ARO Pub. 161 In this case, it has been shown that the 55 ° cut

UNbO 3 active layer (which optimizes the amplitude sensitivity) Introduces phase

nonuniformities similar to those observed in Bi 12SiO20 [ARO Pubs. 4, 61 Finally, utilization

.-
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of the exposure-induced charge transport model has allowed us to predict, and

subsequently experimentally observe, striking nonlinearities in the transfer characteristics

(output amplitude as a function of input exposure) of the <111> PRIZ_ Such intriguing

effects in < 111 > and < 110> oriented PRIZ devices are under continuing investigation.

Quite recently, we fabricated a <111>-PRIZ-type device without blocking layers,

which according to a Soviet research group [26] exhibited dynamic change detection, i.e.,

only that portion of the image that has recently changed appears in the output plane. On

the contrary, using BSO crystals grown at USC, we found that excellent image storage

characteristics were obtained in this device configuration. The advantages of this

configuration are numerous: (1) the absence of dielectric blocking layers significantly

enhances the measured (and theoretically predicted) resolution, as shown in Fig. 4 (33L.

(2) the presence of parallel ground planes on opposite crystal surfaces ensures that the

longitudinal voltage is space-invariant, which eliminates signal-dependent phase
nonuniformities; (3) charge non-conservation is enhanced by allowing photo-induced

electrons to reach the far electrode, which increases the device sensitivity, (4) high

dielectric breakdown strength, high sensitivity blocking layers are no longer required, J"

which eliminates a source of multiple reflections and significantly reduces the difficulty

and expense of device fabrication; (5) the resolution, sensitivity, and linearity can be

varied through proper choice of the device operating mode; and (5) monopolar (non-

switching) power supplies can be used for device operation due to the constancy of the J.

longitudinal applied voltage. A potential disadvantage is the accompanying reduction in _-

image storage time, although the approximately fifteen second image decay time

experimentally observed is more than adequate for a wide range of applications. This

device clearly merits further intensive investigatory effort.

An experimental determination of the charge carrier dynamics under both uniform

and nonuniform exposure In a PROM structure by means of transverse electrooptic U
Imaging was undertaken to allow measurement of the appropriate exposure-induced
electric field distribution function for refinements to the theoretical modulation transfer 0

function calculations. Preliminary results suggested that the applied field distribution

within the bulk of the electrooptic crystal prior to exposure Is quite uniform longitudinallyI
(as opposed to the distribution expected for the case of space-charge-limited current
injection, for example). In addition, these measurements have been extended to the case -

of uniform exposure by fabrication of a PROM-structure 1.5 mmx 1.6 mm x 11 mm in

S,*.,
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size. Application of the external applied field under conditions of no exposure showed".-

several interesting effects, including charge injection through the (dielectrically imperfect)

parylene blocking layer. Exposure in forward mode (illuminated electrode negative)

showed charge distribution effects throughout the bulk of the device, while exposure in

reverse mode (illuminated electrode positive) showed strong charge confinement near the

electrode. This result confirms an independent experiment that indicated a much larger

mobility-lifetime product for electrons than for holes [421. It also confirms semi-

quantitatively the predictions of the charge transport model advanced earlier. This effort

is extremely important to the design of new devices with improved resolution, and to

investigations of novel voltage modulated recording techniques for enhanced device

performance. In addition, it appears likely that this technique will allow accurate

measurements of mobility-lifetime products to be made in low mobility short lifetime

electrooptic materials that are difficult to characterize otherwise. It is important to note

here that this technique is currently the subject of intensive research in the Soviet Union

[43, 44, 45, 46, 47, 48, 491 as applied to the case of BSO with no blocking layers under

various types of optical exposure conditions. The shape of the exposure-induced

longitudinal charge distributions is quite similar to those predicted by the charge
0

transport model [29, 301 u.

Recently, we have discovered a new type of two-dimensional spatial light modulator II
that Is capable of performing real-time Incoherent-to-coherent image transductions with
resolution and sensitivity comparable to those presently achieved with PROM and PRIZ

devices [ARO Pubs. 7, 8, 9, 151. This novel device, termed a Photorefractive Incoherent-

to-Coherent Optical Converter (PICOC), is comprised of a single crystal of a

photoconductive and electrooptic material such as bismuth silicon oxide with transversely

deposited metal electrodes. The geometry is identical to that utilized in the

photorefractive volume holographic storage experiments described above. The crystal is

Illuminated by two plane wave writing beams from an Argon ion laser that form a uniform

6 diffraction grating In the photorefractive medium. An incoherent image Is focused onto

the crystal surface, which selectively erases the grating as a function of the local image

Intensity. Diffraction of a third (reading) beam from the grating results in creation of a

coherent replica of the Incoherent input image. In preliminary experiments, a resolution

exceeding 15 line pairs/mm was achieved without extensive optimization. We have since

shown that the resolution can be extended to beyond 100 line pairs/mm by a simple

-_0
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wavevector matching geometry [ARO Pubs. 9, 151 and the device sensitivity can be

improved by a factor of 20 by a Schlieren readout technique in the positive image mode

[ARO Pub. 151

Such a combination of volume holographic storage and spatial light modulator

characteristics is unique, and suggests many novel optical processing configurations. In
addition, such PICOC devices are easy to fabricate, durable, and inexpensive, all of which S

are potential advantages relative to currently available spatial light modulators.

Details of the above areas of investigation are given in the publications appended to

• this report, and in the Ph.D. thesis of Dr. Yuri Owechko [ARO Pub. 11].
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Effects of charge dynamics and device parameters on the
resolution of electrooptic spatial light modulators

i Y. Owechko0 A. R. Tanguay. Jr.
Departments of Electrical Engineering and Materials Science

University of Southern California
University Park. Los Angeles. California 90007

- Abstract

The theoretical resolution of an electrooptic spatial light modulator rsuch as tb
Pockels Readout Optical Modulator (PROM)) is a function of the electrostatic field
distribution arising from stored point charges located within the active electrooptic
crystal layer. The Fourier transform of the voltage distribution (which can be directly
related to the modulation transfer function) is derived as a function of the charge

* location within the electrooptic crystal. In addition, the resultant analytic expression
contains the dielectric constants of the blocking layers and electrooptic crystal, and the

"~*thicknesses of the three layers. This formulation allows the effects of charge trapping
within the bulk of the electrooptic crystal to be modeled. In particular, the low spatial
frequency response decreases linearly and the high spatial frequency response decreases
exponentially with the distance of the point charge from the dielectric blocking
layer/electrooptic crystal interface. Thus the overall sensitivity and resolution ere* degraded strongly by charge storage in the bulk away from the interface. Utilizing
superposition, this formulation can be readily extended to accommodate arbitrary chargedistributions arising from different exposure parameters. The implications of these

results for device design and operation are discussed.

1. Introduction

Several electrooptic spatial light modulators (ESL.s) have been investigaeed for
* 0 numerous appLications in coherent optical signal processing, including the Pockels Readout

Optical Modul-ator (PROM) (1), TITUS (2), PHOTOTITUS (3), and the Microchannel Spatial
Li;ht Modulator (MSLM) (4). Such devices record two-dimensional image information in the
form of a charge pattern which modulates the voltage across an active (electroopelc)

d single crystal layer. The charge pattern is typically induced either by intensity
: d5ulation of light incident on a photoconductive layer, or by direct electron beam chprge
deposition. more recently, image storage in ESLM's has been eccomplished by exposure to

9 x-ray sources (5) and by high energy electron beam charge implantation (6). In each cbs.,
:he aimage-wise modulated voltage is sensed using polarized light by means of the linear
electrooptic effect.

One extremely important parameter in the characterization of candidate spatial light
=cdulators is the limiting resolution attainable with each such device. In addition, the
shape of the modulation transfer function (MTF) strongly influences the resultant image
lideLity, and consequently limits the accuracy of subsequent optical process!ng
algorithms. The resolution of an electrooptic spatial light modulator is in general
detorined by the field spreading within the electrooptic crystal layer. The electric
field distribution is a function of the dielectric constants and thicknesses of the
dielectric blocking layers and electrooptic crystal layer, and of the charge distribution
within the electrooptic crystal.

A method for calculating the sine wave response of a -ulti-laye-ed structure due to the
' imulse response of a point charge was developed by Krittman (7), who apolied the method
to electrostatic storage targets. Schafferct (8) has performed related work on
electrostatic images with emphasis on applications to the xerographic developinq process.
Voach (9) derived an expression for the modulation transfer function of electrooptic light
valves consisting of an isotropic dielectric layer and a dielectrically antsorcopic
elec::ocpric crystal sandwiched between two transparent conducting electrodes, for the
case of a sinusoidal =odulation in charge density introduced at the dielectric
layr/electrooptic crystal interface. These previous enalyses of resolution effects in
r.-it-layered electrosteic structures share a common limitation, in that each model
cc.s:rains the charge dist~ibution to lie at the interface between a dielectric layer and
t.. electrooptic crystal. Due to the nature of the charge pattern generetinq process in
n=!trzus applications of ESL:'s, however (notably in the cases of the PROM end PSLM, and
foc the recent applications of x-ray exposure and high enerry electron beam excitation),
the :esultant charge distribution is known to reside within the bulk of th* electrooptic
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crystal layer. A complete treatment of resolution in electrooptic spatiel 1!i-ht
-: modiulators, therefore, must include the effects of ex po sur e- ind uced longitudinal Chgirce

distribuzions in addition to the geometric and constitutive properties of the layibr
structure.

4,ir. Theoretical development

rn order to simplify the theoretical treatment of resolution in electrooptic spat:91

li gh: modulatocs, the Pockels Readout optical modulator (PROM4) will be employed ?i
specifia --xample, since the dielectric constant of the electrooptic crystal is isotropcc
Extension of this analysis to other ESLM's (such as the TITUS device) with anisotro~c~z
elc r oopo ic layers is relatively straightforward (9). A schiematic diagram of a typi:al2

SPROM structure is shown in Figure 1. The device is comprised of & photoconduct4.:e
electrooptic crystal (Bil2SiOo) sandwiched between two thin dielectric blocking laymers.
The blocking layers are coated with transparent eloctrodes.

in the simplest mode of PROM operation, a voltage (typically 2000V) is applied to the
* electrodes, dividing between the three layers in inverse proportion to the capacitance of

each layer. Since the electrooptic crystal is also photoconductive, illumination from the
* negative electrode side with image-wise modulated blue light causes electron-hole pair
generation at a rate peoportional to the incident intensity at each location. The
generated charges then separate in the applied field (by electron drift into the bulk,
since holes are relatively immobile in BiliSi02 0 ) giving rise to a reduction in voltage
across the electrooptic crystal in illuminated regions. Since in the absence of
illumination (subsequent to the writing process) the dielectric relaxation time (Ccio) of
bismuth silicon oxide, is unusually large (of order several thousand seconds),* the electron
distribution is trapped in the bulk; hence, the written charge pattern is stored. ?he-

Cresultant two dimensional voltage distribution induces a birefringence, (through the linear
longitudinal electrooptic effect) which alters the polarization of linearly polarized
readout light oriented to bisect the principal birefringent axes, producing an image-wise
modulated amplitude when viewed through a crossed analyzer. The readout emplir-ade k

transmitted through a PROM4 between ideal crossed polarizers may be expressed as

LAYERGROUND PLANES

EM 00E,
40 00I

crystal ~~~ ~(t la+ isbsuhsiio xdeApni). The_ posio oftepi t

FireS1. structure of a thedieticalPO.F chr .withite na e coorinat cryst ~em

blocking layellfare 5.arylene C (c -3r . isa u- hile t ,t , and t are the
The transverse coordinate system hied AR electrooaP;iA crystaL ihiciness ana dielectric
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Ao 0 v(x, )
A - sin (l

• "e -="is the incident readout light amplitude, VX/ 2 is the helf-wave voltage of the
*e::r3opic crystal, and V(x,y) is the voltage across the electrooptic crystal at image

iatas (x,y). It should be noted that in the above expression it is assumed that the
:o:~:. wavelength and intensity are chosen such that insignificant photoconductive charge
e4.....u ion occurs, and that the effects of natural optical ectivity in the bismuth
s..i:on oxide crystal may be neglected (10,11). Thus the output amplitude is a monotonic
Sun:zion of the input intensity (for applied voltage less than the electrooptic half-wave

0 ":::.-.: such a transfer relationship is desirable for incoherent-to-coherent conversion
an suZsecuent coherent optical signal processing operations.

From the nature of Sq. (1), it can be seen that the resolution of an elec-rooptic
spatial light modulator depends directly on the relationship between a periodic (spatial
frequency w) variation in the writing intensity, and the resultant spatial modulation of
the voltage across the electrooptic crystal. The cubic symmetry (123) of bismuth silicon
oxide in conjunction with the orientation of the electrooptic crystal slice (<ool>)
assures that only longitudinal components of the electric field contribute to the induced
birefringence through the electrooptic effect (12). Therefore, the modulation in output
amplitude (see Eq. (1)] depends only on the voltage difference V(x,y) between opposite
sides of the electrooptic crystal at each image point (x,y). In the absence of
significant two-dimensional diffusion effects in comparison with the drift-aided charge
sepacation of photogenerated electron-hole pairs (13), V(x,y) will be % function of the
.dielectric constants and thicknesses of the electrooptic and blocking layers, the
locations (in the z-direction) of the trapped hole and electron distributions resulting
froa the writing (image recording) process, and the spatial frequency of the charge
(writing intensity) modulation in the (x,y) plane. in summary, we seek to derive the
deperndence of each Fourier component of V(x,y) (denoted V(w)) on the corresponding Fourier
component of the lateral charge distribution, as a function of the device parameters and
the longitudinal charge distribution.

tf the longitudinal charge distribution is assumed to be such that charges are
const:ained to the blocking layer/electrooptic crystal interfaces, the spatial frequency
deaendence of-the potential V(w) may be obtained by straightforward solution (9) of the
9e-et:roscat - boundary conditions with a surface charge j(x,y,z) given by:

o(xyz) - C1[l€cosWx]6(z). (2)

Since the absorption coefficient of the writing light is not infinite, and since in
l-. tin o the drift length of a photoexcited electron is significently smaller than the
y:vicaL electrooptic layer thickness, consideration of charge distributions within the
:.<.f -e electrooptic crystal is necessary in order to formulate a realistic resolution

:ansider a single point charge q located at (x,y,z)=(0,O,-t4) within the electroootic
c:s:.al layer as shown schematically in Figure 2. Determination of the Fourier components
of :he otential difference V(w) due to such a point charge is equivalent to calculation
o! :he potential difference due to a periodic charge distribution given by

o(x,y,z) - %o[lcosWx]6(zet4 ) (3)

as a function of spatial frequency c(12). This approach has the advantage that once the
so..rtion for a single point charge has been obtained, the inherent linearity of the
7o .ir transform may be utilized to solve multiple charge cases by summation of single
cha-ge solutions, and continuous chargedistribution cases by simple integration.

The axial symmetry of the problem can be exploited by transformation to cylindrical
cooedi-s:es (a,9,2) where (3,S) are in the (x,y) plane and z is the longitudinal
coordin~ae, as shown in Figure 1. Since the problem is invariant with respect to the
a;.ilsa. :oordinate e, the rectilinear two-dimensional Fourier transformation becomes a
Aan~e: t:ensform. The voltage across the electrooptic crystal can then be written in the

V(W) N V(o,-t )-V(oO) - (4) I Va)(o.,d (4)

* ere 3(-;) is the zeroth order Sessel function and w is a radial spatial frequency (14).
_x;r*sing V(C) as a Hankel transform leads to a striking simplification of t1e%

0 cal:juation, since the Hankel transform of the delta function cherge distribution (point
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char-z. is a constant. Hence the difficulties associated with discontinuities in the rev.l
space cc..dacy conditions due to charge singularities are automatically removed in Fouc.ec
spae..

Th.e real space potential difference V(p) must satisfy Laplace's equation in all f2ur
regio-s -4e icted in Figure 2. and must also satisfy the boundary conditions at b'oth
elect:: se, at both electrooptic ccystal/blocking layer interfaces, and at the lane,
de:L:'. z% the location of the point charge (zu-t 4 ). Once V:) is determined, V(. is
eas i" fz .-. by extracting the kernel of the Hankel transform, as shown explicitly in
Appen- .x L, with the following result:

sinhh a(a-t I) sinh wb

£e cosh(a-t 4) [ cothw a-t4 )] cosh(b-t4 ) [1 coth..4abt 4)] 4(5(b-5-

where

a -t 1 +1 ch 1('-l cothw 3 1t

and

b .~-coth * coth(-wt' (7)* '2

Note :hat as desired, V(W) is a function of the electrooptic crystal thickness t 1, the
dielectric blocking layer thicknesses t2 and t3 , the dielectric constants ce, and -hi of
the espective layers, as well as on the location of the point charge t4  In -his
calculation, the electrodes are both assumed to be grounded.

i i'I t.e special case tl-t € , and t2-0, the problem reduces to that of a charge Pattern
confe..sd to the" electrooptic crystal/dielectric layer interface o! a two layer deice,
with

V(W) ot + Cblcothwt 3  ()
eo 1 .

in ac:eement with the solution for this case derived previously (9).

r- 7:--.lation transfer function (MT) relating the output image modulation to the
in-pu ra:=e modulation may be obtained from the expression (9):.

T? - max min

ML1max +Imin] (9)

where

1 - sin 2 [WV() + V coswx]{10)or 27T
OutA/

and wh ece m is the spatial modulation of tke imposed charge distrtbution, Vi 2" is the 0

electrooptic crystal half-wave voltage,%' and V(O) I V(-O). Physically, (0) is the
aver;e value of the potential difference across the electrootic crystal layer. in
Eq. 9) I. and I in are the values of lout for coswx-l and coszjx--l, respectively.
ro . (15), it can g seen that the character of the solution for each case is fully
expressed by V(w) or V(w)/V(O). Since the MTF for a given device will be both exposurce
(*/(VC: a.d modulation (m) d eoendent, a more fundamental indication of expected de"!c.
per!3:nance is obtained by presentation and discussion of the un-normplized [V(-)I and
no *'!zeA rVr(,.)/V(O)] potential difference functions. 0

B-.ore proceeding to a detailed presentation and interpretation of the results, it
shou'd t4 Lointed out that the un-normalized potential differences V(j) and the normal;zed
func:ions "/*.)/V(0) have a direct interpretation useful for both comparison of disti.nc
dev-:es e.! different constitutive characteristics, And for comparison of the imclicet!ons
o dis:inct charge distributions within a given device. In p*iticular, graphs of V(-) as
a -znc:ion of w parametrized by different device constitutive properties assume e.-jal
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ex~os..re conditions (identical charge distributions) , while graphs of V( AlV(a) .sq
opi% exposure conditions for each compared device (i.e. sufficient exposure for eacIN

de'.:"Le such that V(w) is optimized in the limit of low spatial frequencies) . These tyO&M
o! c3 oacisons are familiar from the case of photographic film, where the tic;*L
reSo ut~ion/sensitivity trade-off forces a similar comparison of film properties on1 ta
basis of either response to equal exposure, or response to optimum exposure.

Ill. Features of the solution far discrete char e distribujtions

:'-e nature of the spatial frequency dependence of the potential diffirene-S V(-) c *.

more easily appreciated if the high and low spatial frequency responses Ace exeained.
Vnese limiting forms ace given by:

It 4 (t 2 +t 3)-t t2EV~~w)1~ 2 (
I -IU q Cb(t +t3) oT t

- ~ [eWW4 eWA2 ]12

where -1-tl-t4 and d2-t4. The parameter 41 and 42 represent the distance of the point
charge from each dielectric blocking lyer/electrooptic crystal interface.

From Eq. (11), it is apparent that the low spatial frequency limit of V(w) deoerds om
the layer thicknesses and dielectric constants, as well as on the charge location. in
particular, if we consider the case of a symmetric device (i.e. a device with two
identical blocking layers), V(w) decreases linearly to zero and then increases to its
initial value as the charge moves from one interface to the other. This is intuitrivelyp
appeeling since no voltage drop is expected across the electrooptic crystal for a point
charge in the center of a symmetric device. The low freqruency response is in addition
independent of spatial frequency.

* to 20.0 ~

*02 1.0 %-50

00 0.12

1.0 10.0 1.0 10.0

SPATIAL FRICUENCY (line Ve.vas/mlw) SPATIAL FREQUIENCY ime. pairelJve) .

Fiz'..re 3. Effect of dielectric blocking Fiue4 Effect of dielectric blocking
Ilytr-tectric constant on the spatial layer ielectric constant on the spatial
frequency response of V~W. A symmetric frequency response of V(w.)/V(O).
PP.CM device is assumed, with geometric"N
and constitutive parameters as shown inX%

Fi~e .The vertical scale is arbitrary, :: ki

b:: is ':he same for Figures 3,5,7, and 9.
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The high frequency limiting form of V(w) given in Eq. (12) is a function only of the ..
dielectric constants of the layers, the spatial freauency, end the distances o the charge
fromn each of the blocking layer/crystal interfaces. If the point charge resides on either
interface, V(M) falls off inversely with increasing spatial frecuency. For even s=all

* separations of the charge from either interface, however, the high spatial freauencies,
will be exponentially attenuated. Note that as in the low spatial frequency case, V(-) is
zero when t'- charge is in the center of the device.

* The de.endence of V(w) and V(w)/V(O) on the dielectric constant o! the blocking !a.ecs
(assumed identical) is shown in Figures 3 and 4, respectively. The effect of increesing
the blocking layer dielectric constant is seen to reduce the device sensitivity .see
Figure 3) , whilie increasing the high spatial frequency response for optimum exposure in p
both cases (sae Figure 4).

The dependence of V(w) and V(w)/V(O) on the thickness of the blocking layers is shown
- in Figures 5 and 6, respectively. The effect of decreasing the blocking layer thickcness

reduces the device sensitivity (see Figure 5) but improves the relative response at high
* spatial frequencies (see Figure 6). in Figures 3-6, a single point charge is located at

one of the dielectric blocking layer/electrooptic crystal interfaces.

The solutions for cases involving multiple point charges can be obtained by a linear
superposition of the solutions for each separate point charge. In particular, the efect
of an electron-hole pair can be modeled if the point charges are assigned opposite signs.
The results of such a calculation as a function of the charge separation are shown in
Figures 7 and 8. in this calculation, the hole and electron were assumed initially
constrained to opposite interfaces, and were subsequently displaced symmetrically into the
bulk of the electrooptic crystal layer. In Figures 7 and 8, each curve is labeled by the
positions of each point charge according to the following convention: the electrooptic
crystal layer is 500 Um thick and the coordinate pairs labeling each curve are the z
coordinates of each of the two point charges. Thus (0,500) .represents a positive charge
at the z= -500 um interface and a negative charge at the z - 0 um interface. The device
parameters are those of the typical PROM configuration shown in Figure 1. From Figure 7-,
it is observed that displacement of the point charges away from the dielectric bloccin.
layer/electrooptic crystal interfaces strongly degrades the high spatial frequency

* response, and in addition reduces the sensitivity at low spatial freauencies. The

vvo)

V(OI t= I m,

10.00.I0

00o0to1 I 0.m0I I

00 / 0.0

01 10.0

SPATIAL FREOUINCY (line p*eslmm) SPATIAL FREOUIPNCY (KOe p.nim.)

FLfure 5. Effect of dielectric blocking Fiqure 6. Effect of dielectric blocking -
layer thickness on the spatial frequency layer thickness on the spatial frequency
response of V(' M ). The dielectric constant response of V(.)/V(O). owl-
of the blocking layer is Cblm 10 o .0
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exconential modification of the high spatial frecuency behavior is shown more clear!y in
t-.1 graphs of V( )/V(O) shown in Figure 8. Due to the assumption of a symmetric device
configuration in this calculation, it should be not.d that charges of opposite sign
s';metri:ally placed on opposite sides of the electrooptic crystal layer contribute
equally to the total potential. Thus the results shown in Figure 8 for the dual charge
cac:uiation are equally applicable to the case of a single charge of aproocite sign
placed a: the same distances from either interface (i.e. 0, 50 and 100 ;mi.

-&he e fects of asymmetric charge location within a symmetric PROM device are shown in
Fiures 9 and 10. A positive point charge is located at one dielectric blockin-
layerielectrooptic crystal interface (z-500um), and a negeti'/e point charge is placed at "
-varying distances from the opposite interface (z-0 ur). This configuration models a

h-pothetical writing process in which the incident illumination, is characterized by A
large absorption coefficient so that the (immobile) hole distribution is constrained to
one interface, while the electron distribution is forced into the bulk electrooptic layer
by the applied field. The resultant charge separation will thus be a function of the
constitutive device properties and the voltage across the device during the writing cycle.
The resultant V(w) curve for the case of the negative charge at the opposite interface

* (labeled 0(0)" in Figure 9) is exactly the same as the (0,500) case discussed with respect
to Figure 7. As the negative charge is moved in from the interface toward the center of
the crystal, the response at high spatial frequencies decreases more rapidly t first than .-

the response at low spatial frequencies. As the negative charge reaches the center o. the
electrooptic crystal layer (z- -250um) and continues to approach the positive charge, the
response at low spatial frequencies decreases faster than the reduction in high spatial
frequency response. For both charges in the same half of the electrooptic crystal, the
response characteristic becomes nonmonotonic, as can be seen in Figure 9 and even more
graphically in Figure 10.

1.0 l i10.0 " p

* V ~ w J V I. )

voo
0.1 1.0

(0.500)
(0600

0.01 0.1

(500.4450

((5(.450)0)
(100,.400)(000)

0001400 (0.00)

0.0 1.0 10.0 0.11.0 10.0

SPATIAL FREQUENCY (I4ve peirs/mm) SPATIAL FREQUENCY (000. p~iV1Mw.)

Ficure 7. Effect of longitudinal charge Fgr8.Effect of4 longitudinal charge
po =--on3 within the electrooptic crystal position within the electrooptic crystal
lay/er on the spatial frequency response layer on the spatial frequency response
o! V(-). 'n each case, two point charges of V(w)/V(0). Note the marked attenuation ' e
of opzosite sign are symmnetrically placed of the high spatial frequency response as
relative to the center of the device, the charges are incroas.ingly displaced
Each curve is labeled by the distance in from their respective interfaces.
;. o! the (negative, positive) charge from
the electrooptic crystal/dielectric

0' blocking layer interface at z- Opm.0
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7nis remarkable nonmonotonic behavior of the spatial frequency response can be

ex=: ined with the aid of Figure 11, which details the contributions of each charge to the
toc:. =orential. in Figure 11(a), the signs and magnitutie-s of the pot-ntial contributions -
fr:.m botn charges are positive, and the resultant potential has the same response%

* the n.eqati-ie charge is 125 4m (one quarter of the electrooptic crystal thickness) from the .
1r:2fc, and hence contributes a reduced low spatial trecuency response and an

ex;net liy attenuated high spatial frequency response. At the center of the crystal,

t-a a-..:echarge does not contribute to the potential due to symmetry, and the form of N
frqency response is the same as that for a single point charge ot an interface (as

sh-.;nirF igure 11(c) I. The most interesting case is shown in Figure 11(d, in which thecharge senacation is one quarter of the electrooptic crystal thickness. Here the
* con:-,.btions to the total potential from both charges have opposite signs. This

sit..-zion is equivalent to taking the difference between the V(:j) curves for two positive
charges at the sane locations, as shown in the Figure. The non-monotonic behavior is thus
seer. to arise directly from the exponential attenuation of the high spatial frequency 1 .

co:--onen ts of the potential due to the negative charge.

IV. Device imiplications J
-he dependence of the spatial frequency response on the dielectric constants and

thicknesses of the dielectric blocking layers (as shown in Figures 3-6) indicites; that new
PROM devices can be envisioned with modulation transfer functions constant to much higher
spa:i;al frequencies than ace characteristic of presently available devices. Gains in Mwry
behavior due to choice of dielectric blocking layer properties will be accompanied by an
overall reduction in device sensitivity. Such new devices, however, would provide 0o

s ignificantly improved image fidelity and resolution in applications where requirements ont
*device sensitivity can be 'relaxed, similar to the familiar tradeoff in the case, of

photographic film. In order to improve PROM resolution, high dielectric constant, high
dielectric breakdown strength, high resistivity dielectric blocking layers ace required.

1.0 Ip10.0 p

V(-)
V~w) V(0)

(0)

0I 0)I-

1.0 0.0(.0 0. 50

SPATAL REO!NC (te. *~,amm3SPATIAL PRSOUENCY (lift* pin.mm)

Fic:zre 9. Effect of asy=.ttic charge Figure 10. Effect of asymmetric charge
* lzations on'the spatial frequency response locat ions on the spatial frequency response

of ~(. A positive charge is located at of V(w)/V(0). Xote the nonmonotonic
the z- -300..m electroopzic crystal/ behavior of V(w)/V(O) when both charges are
dielectric blocking layer interface. Each in the same half of the electrooptic
c--r.' is labeled by the distance in um of crystal. The curves for the negative charge
a negative charge from the electrooptic at z- Oum and zo -2S0-im are identical.
cr-.stal/dielectric blocking layer interface
at Z- 0..
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--e effect of exposure-induced charge distribution throughout the bulk of the.
e =:oopcic crystal layer is seen to have an adverse effect on the high spatial Frecuoncy
res. cs characteristics of the image storage process. The optimum resolution end
se.s-._=-ii.ty within a given PROM device structure are obtained when the hole distribution

O is :c-s-:ained to the interface nearest the negative electrode, end the entire electron
dihz.'i.ion,= is swept to the interface nearest the positive electrode during the writ-ing
c--:.. .e actual resolution and sensitivity obtained for a given device are thus
s-. ::--- dependent on the absorption coefficient of the electroo tic layer *t th? writ-ing
'i.-.a:ion wavelength, on the external applied voltage and voltage division between the

e layers during the writing cycle, and on the mobility-lifetim poduct of
Z:h:-,rated electrons in the electrooptic crystal. Such bulk charge distribution

* e--as will also strongly affect the resolution and sensitivity for cases where the
i.-;e-wise modulated charge pattern is induced by high energy electron beam (6) and x-rey
(3 surces.

In VW,) In V(w)

- H - - *.- - .1

(0 61In :'

InWInQ 7

(a) (b)

-- V(w) (+Q CONTRIBUTION)

-V(w) (-Q CONTRIBUTION)

In W In

,,( c) .(d)
CS

Ficu.e 11. Schematic explanation of the effect of asymmetric charge locations on
the s.atial frequency response of V(w) and V(w)/V(0).. (a) Both charges are at
the. respective in.terfaces; thus V (M) - V (W), and the total V(w) is simply
:wice the potential difference expected for i single point charge (V() - 2V (0)).

* (b) aere the negative charge is displaced from the interface, exponentially
at:enuating the high spatial frequency response of V (w). .The sum of the terms due
:o each charge thus decreases monotonically, with diminished high spatial frequency
reszonse relative to case (a) (see Figure 10). (c) The negative charge is placed
at the center of the syr metric PROM. Hence, it does not contribute to V(W) and
VC.) t V+(W). (d The negative charge is in the same half of the crystal as the
po i.ive charge; the total V(M) can be obtained by taking the difference between

'.-) and -V(w), since V+(w) and V_(w) have opposite signs. Since V+(w) an(d V ()
ecrease at unequal rates, V(w) no longer decreases monotonically. - 0
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V. Summacy

A genecalized expression for the spatial frequency response of a three -ayer
electrooptic spatial light modulator is presented, which gives explicitly the de.e-ence

* of the response on the thicknesses and dielectric constants of t.e layers, and n an
arbitrary longitudinal charge position within the electrooptic crystal layer. Thi%
solution is applied specifically to the case of the Pockels Readout 'lptical :.od:ator
(PROM), wherein the importance of the inclusion of bulk charge distribution effe-:s is
clearly demonstrated. Extension of these results to cases invol,/ing co r .-.n-ou s
longitudinal charge distributions in order to model specific device ope:ational modes a.-
writing cycle parameters is straightforward due to the inherent linearitv of the Farier
(Hankel) transform (12,15). Application to other ESLN's with anisotropic electrzziat,
materials exhibits device geometric, constitutive, and charge Eistribution effects s-ila:
to those described herein (15). Research on the implications of including two-dimwnsiona.-
charge diffusion effects during the writing process is currently in progress.

Apoendix I: Derivation of V(u) for a three lover device

The device geometry is as shown in Figures 1 and 2. The dielectric constants of the
blocking layers-are assumed equal (e ), and the thicknesses of the layers are given by t2
and t The dielectric constant of tfe electrooptic crystal layer is denoted C, and the
thickNess of the layer by t1 . A single point charge q is placed within the e ectroootic
crystal a distance t 4 from the dielectric blocking layer/electrooptic crystal intecface as
shown in Figure 2. Transparent electrodes are placed in the planes z-t 2 and
at the external boundaries of the dielectric blocking layers; both electrodes are assumed
grounded during readout.

The cylindrical symmetry of the problem about the z-axis is utilized by expressing the
potential within the layers in cylindrical coordinates as a Rankel transform:

V(0,8,z) - V(0,z) -#rf VC~w,x)J 0 W0)ahdw (1)

The potential.within any of the four regions shown in Figure 2 automatically sa Es.=iZe
Laplace's equation if i- is written in the form:

V(P,z)- G()e J O'd0Cwo)d (2)

The potential in each of the four regions may then be expressed explicitly as:

I. V (0,z) =0 A1 (,)sinhw(z+a)j 00 ) €w (11

i" . V1 1 (O,z) " J A 2 ( )sinhw(-,b)j 0 (W0)ou (4)

SIII. V (,z) A3 (w)sinhw(z+t +t3 )3 0 ( O)dw (3) 1

IV. V (0,z) - A 4 (1)sinh(z-t 2 ) 0 (wa)dw (6)

This form insures that the potential in regions lit and rv is zero at the z--(ti 3 nt .an
z-t 2 ground planes. The parameters a and b correspond to imaginary ground planes at z--a
and z--b, and are determined below ;from the application of appropriate bo-.decv
conditions.

The boundary conditions are:

v(-t) + v(-t (71

- av(-t+) av(-t-)-
-C eo a z + Cbl TZ- 0 (3)

IU + vo . (9)

. . -. . V60. 2 ."" . ie U 
" " " "-. "
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V(o) - VCo) (10)
,

•av (0 ) av(0-)
-hi - -eo T =  (11

°eo
+V-~ ---4)_a (12)I

where :0# the charge density at z--t 4, is given by:

" " ~Jo (wa) d, !3

-Fi -P 0;J~~ (13)

and 3(p) is the unit impulse function. Application of the boundary conditions by dicec
substitution of Eqs. (3)-(6) into Eqs. (7)-(13) yields:

A- oshw(a-t-)-4- 4 ] (14)

2 (w) " "- [coshw(b-t 4 ){ c't: : 7- 111 . J
where a and b-are given by:

a t : + coh'(b ¢ otht(6

49 9' b 1 cot lcb coth("-w 2  (17)

9% SThe voltage across the elec.cooptic cryst~al is given by:

Veo(0) - V1 (P,-tl)-V1 Z(3,O) (18)

Wci:ing V0 (0) as a Hankel transform (as in Eq. (1)) and substituting Cqs. (3), (4),
(14)-(17) into Eq. (18), we obtain the final expression for the spatial freouency
dependence of the potential difference across the electrooptic crystal layer:

sinhui(a-t1 ) sinh wb

- Vosh (a- 4  " (osh(b- ) I-
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Exposure-induced charge distribution effects on the modulation transfer function
(MTF) of electrooptic spatial light modulators* •

Y. Owechko. A. R. Tanguay. Jr.
Departments of Electrical Engineering and Materials Science

University of Southern California. University Park. Los Angeles. California 90007

0
Abstract

The theoretical resolution of an electrooptic spatial light modulator rsuch as the
Pockels Readout Optical Modulator (PROM)] is a function of the electrostatic field
distribution arising from stored point charges -located within the active electrooptic
crystal layer. The Fourier transform of the voltag, distribution (which can be directly

* • related to the modulation transfer function) is expressed as a function of the charge
location within the electrooptic crystal. In addition, the resultant analytic expression
contains the dielectric constants of the blocking layers and electrooptic crystal, and the

. thicknesses of the three layers. This formulation allows the effects of charge trapping
within the bulk of the electrooptic crystal to be modeled. In particular, the low spatial
frequency response decreases linearly and the high spatial frequency response decreases
exponentially with the distance of the point charge from the dielectric blocking

* layer/electrooptic crystal interface. Thus the overall sensitivity and resolution are
degraded strongly by charge storage in the bulk away from the interface. utilizing
superposition, this formulation can be readily extended to accommodate arbitrary charge
distributions arising from different exposure parameters. The spatial frequency response
of the PROM is calculated for both analytic (exponential hole/gaussian electron) and
iterative (exposure-induced charge transport) continuous charge distributions. The

". limiting form of the high spatial frequency response is shown to be independent of the
particular distribution of volume charge. The implications of these results for device

S design and operation are discussed.

I. Introduction

Several electrooptic spatial light modulators (ESLMs) have been investigated for
numerous applications in coherent optical signal processing, including the Pockels Readout
Optical Modulator (PROM) (1), TITUS (2), PROTOTITUS (3), and the Microchannel Spatial
Light Modulator (MSLM) (4). Such devices record two-dimensional image information in the
form of a charge pattern which modulates the voltage across an active (electrooptic)
single crystal layer. The charge pattern is typically induced either by intensity
modulation of light incident on a photoconductive layer, or by direct electron beam charge
deposition. More recently, image storage in ESLM's has been accomplished by exposure to
x-ray sources (5) and by high energy electron beam charge implantation (6). In each case,
the image-wise modulated voltage is sensed using polarized light by means of the linear
electrooptic effect.

One extremely important parameter in the characterization of candidate spatial light
modulators is the limiting resolution attainable with each such device. In addition, the
shape of the modulation transfer function (MTF) strongly influences the resultant iage
fidelity, and consequently limits the accuracy of subsequent optical processing
algorithms. The resolution of an electrooptic spatial light modulator is in general
determined by the field spreading within the electrooptic crystal layer. Theoelectric
field distribution is a function of the dielectric constants and thicknesses of the
dielectric blocking layers and electrooptic crystal layer, and of the charge distribution
within the electrooptic crystal.

A method for calculating the sine wave response of a multi-layered structure due to the
impulse response of a point charge was developed by Krittman (7), who applied the method
to electrostatic stocage targets. Schaffert (8) has performed related work on
electrostatic Images with emphasis on applications to the xerographic developing process.
Roach (9) derived an expression for the modulation transfer function of electrooptic light
valves consisting of an isotropic dielectric layer and a dielectrically anisotropic
electrooptic crystal sandwiched between two transparent conducting electrodes, for the
case of a sinusoidal modulation in charge density introduced at the dielectric
layel/electrooptic crystal interface. These previous analyses of resolution effects in
multi-layered electrostatic structures share a common limitation, in that each model

constrains the charge distribution to lie at the interface between a dielectric layer and
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the electrooptic crystal. Due to the nature of the charge pattern generating process in
numerous applications of ESLM's, however (notably in the cases of the PP04 end XSLM. and
for the recent applications of x-ray exposure and high energy electron beam excieetioni)
the resultant charge distribution Is known to reside within the bul% o! the electroztc
crystal layer. A complete treatment of resolution in electroopeic spatial light

* modulators, therefore, must include the effects of exposure-induced longitudinal charce
distributions in addition to the geometric and constitutive properties of the laye:

structure.

Recently, an analytic expression has been derived for the Fourier transform o! thJ
voltage distribution (which can be directly related to the modula".ion transfer functiorias a function of the location of point charges within the electrooptic crystal (10!. Tn
addition, this expression contains the dielectric constants of'the blocking layers ant

eliectrooptic crystal, and the thicknesses of the three layers. This formulation allows
the effects of charge trapping within the bulk of the electrooptic crystal to be modeled.
In succeeding sections, this theoretical background of the analytic solution is explored,
and features of the solution for single and multiple point charge cases are described ro
emphasize the essential behavior of the device response characteristics. The theoretical
model is then extended to include the effects of continuous charge distributions
throughout the electrooptic layer. Examples of both analytic and iterative

* exposure-induced charge distributions are presented and discussed in terms of tb~q
essential feature'i of the theoretical point charge model. Finally, the implicatiors, of
these results for device design and operation are discussed.

11. Theoretical development

in order to simplify the theoretical treatment of resolution in electrooptic satial
* light modulators, the Pockels Readout Optical modulator (PPCY*) will be employed as a

specific example, since the dielectric constant of the electrooptic crystal is isotropic.
Extension of this analysis to other ESLM's (such as the TITUS device) with anisotrooic

*electrooptic layers is relatively straightforward (9,15). A schematic diagram of a
typical PROM structure is shown in Figure 1. The device is comprised of a Photoconductive

ILICTROPIC
CRYSTALGROUND PLANES
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01 +t3 ) ZOO t21
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l
f. Fgue1 Structure of a typical PROM. F'ue2 Longitudinal coordinate system

In curent ?RCM's, the electrooptic: HeZ in the derivation of VMu (see
crystal layer Is bismuth silicon oxide Appendix I). The position of the point
M3i 2 SiC2 3,teon SECO) and the dielectric charge within the electrooptic crystal layer

blocking layers are parylene C (Ebl 3ci). is at 2- -t 4 , while tl, t2, and t3 are the
The transverse coorlinate system used n electrooptic cr_:-ttal thickness and dielectric %
the deriv/ation of V(M is also shown. blocking layer tnickne~ssos, respectively.

68 /SPIE V0I218 Devices anid Sysrems for Opticel Signal Pr cessing 11950 1



EXPOSURE-INOUCID CHARGE DISTRIBUTION EFFECTS ON THE MODULATION TRANSFER FUNCTION (MTF) OF 48
ELECTROOPTIC SPATIAL LIGHT MODULATORS

electroo:-3ic crystal (Bii2SiO2o) sandwiched between two thin dielectric blocking layers.
The bocki'.g layers are coated with transparent electrodes.

In the simplest mode of PRCM operation, a voltage (typically 2000V) is applied to the
electrodes, dividing between the three layers in inverse proportion to the capacitance of

* each layer. Since the electcooptic crystal is also photoconductive. illumination from the
negati'-,e electrode side with image-wise modulated blue light causes electron-hole pair
genera:io. at a rate proportional to the incident intensity at each location. The
genera:ed charges then separate in the applied field (by electron drif into the bt~ k,
since holes a:e relatively immobile in 8i4 2 SiC2 0 ) giving rise to a reduction in voltage
across :-.e electrooptic crystal in illuminated regions. Since in the absence of V.
illumi.a:on (subsequent to the writing process) the dielectric relaxation time (Ccoa) of

* bismutn silicon oxide is unusually large (of order several thousand seconds), the electron
distribution is trapped in the bulk; hence, the written charge pattern is stored. The .,...:

resultant two dimensional voltage distribution induces a birefringence (through the linear
longitudinal electrooptic effect) which alters the polarization of linearly p6larized
readout light oriented to bisect the principal birefringent axes, producing an image-wise
modulated amplitude when viewed through a crossed analyzer. The readout amplitude
transmitted through a PRCP between ideal crossed polarizers may be expressed as

A0  ( ___

A(x"Y) u-sinL Vx

where A0 is the incident readout light amplitude, V%/2 is the half-wave voltage of the
alectrooptic crystal, and V(x,y) is the voltage across the electrooptic crystal at. image 0%
coordinates (x,y). It should be noted that in the above expression it is assumed that the
readout wavelength and intensity ate chosen such that insignificant photoconductive charge
redistribution occurs, and that the effects of natural optical activity in the bismuth
silicon oxide crystal may be neglected (11,12). Thus the output amplitude is a monotonic
function of the input intensity (for applied voltage less than the electrooptic half-ve
voltage); such a transfer relationship is desirable for incoherent-to-coherent conversion -.
and subsequent coherent optical signal processing operations.

* From the nature of Eq. (1), it can be seen that the resolution of an electrooptic
spatial light modulator depends directly on the relationship between a periodic (spatial
frequency ,) vartation in the writing intensity, and the'cesultant spatial modulation oa
the voltage across the electrooptic crystal. The cubic symmetry (123) of bismuth silicon
oxide in conjunction with the orientation of the electrooptic crystal slice (<001))
assures :hat only longitudinal components of the electric field contribute to the induced
birefcinqence through the electrooptic effect (see Appendix r). Therefore, the modulation
in out:u: amplitude (see Eq. (1)) depends only on the voltage difference V(x,y) between -*
opposite sides of the electrooptic crystal at each imaqe point (xy). In the absence of
significat: two-dimensional diffusion effects in comparison with the drift-aided charge
separation ot photogenerated electron-hole pairs (13), V(x,y) will be a function of the
dielec:ric constants and thicknesses of the electroopeic and blocking layers, the
locations (in the z-direction) of the trapped hole and electron distributions resulting .-..
from the writing (image recording) process, and the spatial frequency of the charge
(writing intensity) modulation in the (x,y) plane. in summary, we seek to express the,
dependence of each Fourier component of V(x,y) (denoted V(w)) on the corresponding Fourier
component of the lateral charge distribution, as a function of the device parameters and
the long.tudlnal charge distribution.

If the longitudinal charge distribution is assumed to be such that charges are
constrained to the blocking layer/electrooptic crystal interfaces, the spatial fcecuency %

depend?-ce of the potential V(w) may be obtained by straightforward solution (9) of the
electr,.itatic boundary conditions with a surface charge c(x,y,z) given by:-

O(x,y,z) - ao(l~csx}6 (z). (2)

Since "he absoeption coefficient of the writing light is not infinite, and since in
addition the drift leng:h of a photoexcited electron is signi icantly smaller than or on %'
the order of the typical etlectrooptic layer thickness, consideration of charge
disteribucons within the bulk of the electrooptic crystal is necessary in order to
formulate a realistic resolution model.

Consido: a single point charge q lncated at (Xy~z)0(0,O,-t4) within the electrooptic
ccyst. Iler as shown schematically in Figure 2. Determination of tIe Fourier componens
of the po-e*nial difference V() due to such a point charge is ecuivalent to calculation
of the ;otn:ial difference due to a periodic charge distribution given by
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•(x,y,z) - a(1+cQsWx})6(z+t 4 ) (3)

as a :.-ction of spatial frequency w. This approach has the advantage that once the
so'.:io. for a single point charge has been obtained, the inherent linearity of the

* Fo.:.ec :ransform may be utilized to solve multiple chacge cases by summation of single
c -:-- solutions, and continuous charge distribution cases by simple integration.

7--2 .xial symmetry of the problem can be exploited by transformation to cylindrical
ccz.-.:iates (1,8,z) where (z, ) are in the (x,y) plane and z is the longitudinal
coc:4:;a:e, as shown in Figure 1. Since the problem is invaciant with respect to the
an;-.;.: coordinate e, the rectilinear two-dimensional Foucier transformation becomes a

* Han.,;! ::ansfocm. The voltage across the electrooptic crystal can then be written in the

V(0) - V(,-t )-V(0,0) f. v(J)J0(o)wdw (4)

where 30 (.o) is the zeroth order Bessel function and w is a radial spatial frequency (143.
Expcessing V(w) as a Hankel transform leads to a striking simplification of the
ca. lculation, since the lankel transform of the delta function charge distribution (point
Chacge) is a constant. Bence the difficulties associated with discontinuities in the real
space boundacy conditions due to charge singularities ace automatically removed in Fourier
spec*.

* The real space potential difference V(o) must satisfy Laplace's equation in all four

( C regions depicted in Figure 2, and must also satisfy the boundary conditions at both
electrodes, at both electrooptic crystal/blocking layer interfaces, and at the plane
defined by the location of the point charge (zu-t 4 ). Once V(p) is deterwined, V(W) is
easily found by extracting the kernel of the Hankel transform (10), with the following
result:

wh V CI) sinh. (a-t.) +sinh wb IS ,) speciawl €Ochs)[lo th t)] W(bt 4 ) [(1)

bu a-t cot (-)

4 1

\eo/ .

an d 

o h l cb o h t( 

)t

Note that as desired, V(W) is a function of the electrooptic crystal thickness e1 , the
dielectric blocking layer thicknesses t2 and t 3, the dielectric constants coo and cbl of
the :espective layers, as well as on the location of the point charge t4- In this
calculation, the electrodes ace both assumed to be grounded.

rn the special Case : 1:t 4  and t -0, the problem reduces to that of a charge. pattern
con: Lned to the electrooptc crystal/pielectric layer interface of a two layer device,
Wit.

V/ (A)
v(4) - LeoCOth +3  c 1COCA t;

in aq:.eerenr with the solution for this case derived previously (9).

T?.e modulation transfer function (MTF) relating the output image modulation to the
i nr;: age modulation may be obtained from the expression (9):

- +
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where

0 $2 [IfV() V(W) (10)

ardc -ne -r is the spatial modulation index of the imposed charge distribution, V,, 2  is
tr~e -.ezerooptic crystal half-wave voltage, and V(0) = V( ,O). Physically. V(O) is the
a,.a:i=, vaiu* ot the potential difference accoss the electrooptic crystal layer. In
Eq. ,,,ad I ae the value of I for cos..x-l and coswx--l, respectively.
Fro= T-=. il'it can We ~seen*that the characte?U4f the solution for each case is fully
exc:sssec hy VCw) or V(w)/V(O). Since the NT? for a given device will be both exposure
o (~'~and modulation (m) dependent, a more fundamental indication of expected device

pac!=arc isobtanedby pcesentation and discussion of the un-normalized [V(ab)I and
normalized (V(w)/V(O)I potential difference functions.

lEfore proceeding to a detailed presentation and interpretation of the results, it N
snould be pointed out that the un-normalized potential differences V(W) and the normalized
functions V(:a)/V(O) have a direct interpretation useful for both comparison of distinct
devices of different constitutive characteristics, and for comparison of the implications

*of distinct charge distributions within a given device. in particular, graphs of V(wd) as
a function of wb parametrized by different device constitutive properties assume, eCual
exposure conditions (identical charge distributions), while graphs of V~aa)/V(0) assume
optimum exposure conditions for each compared device (i.e. sufficient exposure for each
device such that V(wa) is optimized in the limit of low spatial frequencies). These types
of compsarisons are familiar from the case of photographic film, where the typical
resolucion/sonsitivity trade-off forces a similar comparison of film properties on the

(basis of either response to equal exposure, or response to optimum exposure.

111. Features of the solution for discrete, charge, distributions

The9 nature of the spatial frequency dependence of the potential difference V(W) can be
more easily appreciated if the high and low spatial frequency responses are examined.
Thes* limiting forms are given by:

(Vu) q[4 (t 2 +t 3 )-t lt2  (i
0 ea(t2+t 3 )+bltlI

*( (,a) e [*A *A 2] (12)

where :,.- 1-t 4 and - st4 The parameters A and a2 represent the distance of the point
cha::e-- from each dieIactric blocking layer/ei ctrooptic crystal interface.

* !frz Ec. (11), it is apparent that the low spatial frequency limit of VM~ depends on
* the -eyer thicknesses and dielectric constants, as well as on the charge location. in

;artic-ul1ar, if we consider the case of a symmetric device (i.e. a device with two
iden:±ical blocking layers),* V(w) decreases linearly to zero and then increases to its
iniz4;1 value as the charge moves from one interface to the other. This is intuitively e
appealing since no voltage drop is expected across the, eloctrooptic crystal for a point
cha:,;e in the center of a symmetric device. The low frequency response is in additon
ind...ndene of spatial frequency.

The high frequency limiting form of V(w) given in Eq. (12) is a function only of th'
4. dielectric constants of the layers, the spatial frequency, and the distances of the, charge

fro; each of the blocking layer/crystal interfaces. If the point charge resides on either
inte:!zca, V(-,) falls off inversely with increasing spatial frequency. For even small
sb;a~acions of the charge from either interface, however, the high spatial frequencies
will. ze *x~onentially attenuated. Note that as in the low spatial frequency case, V(w) is
zero '*en *--. charge is in' the center of the device.

IL :'s dtezendtmco of V(.) and V(.a)/V(O) on the dielectric constant of the blocking layers
(ass.;erd i, anttcal) i~s shown in Figures 3 and 4, respectively. The effeet, of increasing
the tizk-g layer dielectric constant is seen to reduce the device ,,ensttivity (see%
F196;:* 3), while increasing the high spatial frequency response for optimum exposure In%,
both -3S,*s (See Figure 4). Similarly, the effect of decreasing the blockinq layer

thic'Cn*§s reduces the dos/ice sensitivity but. improves the relative response at highI
sF&a.LS§: frciejncles (10). rn Figures 3 and 4, a single point cherge is located at on* of
te d-ilectric blocking layer/electrooPtic crystal interfoces.
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The solutions for cases involving multiple point charges can be obtained by a lineac
superposition of the solutions foc each separate point charge. In particular, the efect
of an electron-hole pair can be modeled if the point charges ace assigned opposite signs.
The results of such a calculation as a function of the charge separation ere shoan in
Figures 5 and 6. In this calculation, the hole and electron were assumed initially
cor.s:rained to opposite interfaces, and were subsequently displaced symmetrically inlt the
bul of the electrooptic crystal layer. In Figures 5 and 6, each curve is labeled by t.he
pos-.:Lons of each point charge according to the following convention: the electrooptic
crystal layer is 500 um thick and the coordinate pairs labeling each curve ace the z
coo:.ina:es of each of the two point charges. Thus (500,0) represents a positive clharqe
at the z--500 um interface and a negative charge at the z- 0 m interface. The device
pa:a=etecs ace those of the typical PROM configuration shown in Figure 1. From Figure 5,
it is observed that displacement of the point charges away from the dielectric blocking
layer/electrooptic crystal interfaces strongly degrades the high spatial frequency
response, and in addition reduces the sensitivity at low spatial freouencies. The
exponential modification of the high spatial frequency behavior is shown more clearly in
the graphs of V(w)/V(0) shown in Figure 6. Due to the assumption of a symmetric device
configuration in this calculation, it should be noted that charges of opposite siar
symzetrically placed on opposite sides of the electrooptic crystal layer contribute

* equally to the total potential. Thus the results shown in Figure 6 for the dual charge
calculation ace equally applicable to the case of a single charge of eppropciaee sign
placed at the same distances from either interface (i.e. 0, 50 and 100 ur).

The effects of asymmetric charge location within a symmetric PRCM device are shown in.
Figures 7 and 8. A positive point charge is located at one dielectric blockinq
layer/electrooptic crystal interface (z--500 ua), and a negative point charge is placed at
varying distances from the opposite intecface (z- 0 um). The device constitutive
parameters are those shown in Figure 1. This configuration models a hypothetical writina
process in which the incident illumination is characectzed by a large absorption
coefficient so that the (immobile) hole distribution is constrained to one Interface,
while the electron distribution is forced into the bulk electrooptic layer by the apl te
field. The resultant charge separation will thus be a function of the constitutive device

* 1.0 , '0.0 - p

vo

3w

0.0. 0.1

0011.0 10.0 0.I .0 100

SPATIAL FRUOUENCY ( lin. peirs/ma SPATIAL RII|OUUNCVI I;09 eimnfom)

Fiz.re 3. Effect of dielectric blocking Figure 4. Ef.ect of dielectric blocking
layer dielectric constant on the spatial ay-eiiTF electric constant on the spatial
frequency response o! V(w). A symmetric frequency response of V(u)/V(0).
PRC! dev'ice is assumed, with qeometric
and cons-itutive parameters as shown in
Fg.sr 1. The vertical scale is arbitrary,
but is the same !or Figures 3, 5, and 7.
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pcopertiss a nd the voltage across the device during the writing cycle. The resultant Ve..)
curve for the case of the negative charge at the opposite interface (labeled "(0)" in
Figure 7) is exactly the same as the (0,500) case discussed with respect to Figure 5. As
the negative charge is moved in from the interface toward the center of the crystal, the
response at high spatial frequencies decreases more rapidly at first than the response at
low s.patial frequencies. As the negative charge reaches the center of the electroop-ic
cryst.l lay.r (z--250 um) and continues to approach the positive charge, the response at
low spatial frequencies decreases faster than the reduction in hig! spatial frequency
response. For both chacges in the same half of the electrooptic crystal, the response
character stic becomes nonmonotonic, as can be seen in Figure 7 and even more graphicaLly
in Figure S.

This remarkable nonmonotonic behavior of the spatial frequency response can be
explained with the aid of Figure 9, which details the contributions of each charge to .the
total potential. In Figure 9(a), the signs and magnitudes of the potential contributions
from both charges ace poxsitive, and the resultant potential has the same response
charactecistic as that of a single charge positioned at an interface. In Figure 9(b), the
negative charge is 125 um (one quarter of the electrooptic crystal thickness) from the
interface, and hence contributes a reduced low spatial frequency response and an
exponentially attenuated high spatial frequency response. At the center of the crystal,
the negative charge does not contribute to the potential due to symmetry, and the fore of
the frequency response is the same as that for a single point charge at an interface as
shown in Figure 9(c)]. The most interesting case is shown in Figure 9(d), in whicb the
charge separation is one quarter of the electrooptic crystal thickness. Rere the
contributions to the total potential from both charges have opposite signs. This
situation is equivalent to taking the difference between the V(W) curves for two positive
charges at the same locations, as shown in the Figure. The nonmonotonic behavior is thus
seen to arise directly from the exponential attenuation of the high spatial frequency
components of the potential due to the negative charge.

1.0 I I.o
* 00

V(40) VWin

VIOl

0.1 .

* (0.500)

0.01 01-
(50.450)

(50,450)

(100,400) (100.4,00)

0.001 0.01 S

1.0 10.0 1.0 10.0

SPATIA FREQUENCY (life POWIMiM) SPATIAL FREQUENCY (I** ee sliONO)

Figure 5. Effect of longitudinal charge Figure 6. Effect of longitudinal charge
position within the electrooptic crystal position within the electrooptic crystal
layer on the spatial frequency response layer on the spatial frequency response
of V(.). In each case, two point charges of V(W)/V(O). Note the marked attenuation
of opposite sign are s,mnetrically placed of the high spatial frequency response as
relati'e to the center of the device. the charges are increasingly displaced
Each cuzrve is labeled by the distance in from their respective interfaces.
;;m of the (negative, positive) charge from
t the electrooptic crystal/dielectric
blocking lay!er interface at z- Oiim.

PIZ.:
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IV. Features of the- solution for continuous charge distritutions

As in the cases involving multiple point charges, the solutions for cases involving
continuous charge distributions can be obtained by superposition due to the inherent
linearity of the Fourier (Hankel) transform. Consider an arbitrary charge distribution
.:Iz) confined to the bulk of the electrooptic crystal layer (-tliz<O in Figure 2). Tn the

* cast of the FROM, wherein charge redistribution is effected e2.ther by electron-iole pair
generation or by photon-assisted detrapping, charge neutrality must be enforced such that:

0

j (z)dz -0. (13)

S Such an assumption will not apply explicitly in cases involving electron-beam addreossed
electrooptic spatial light modulators. The contribution to the Fourier component V(W) of
the overall potential difference across the electrooptic crystal layer from the charge N
density at a given longitudinal coordinate z will be weighted by the Fourier component

V(;o,z) generated by a point charge at the same longitudinal coordinate. Hence the total

integrated response is

V(W) P (z) V(w,z) dz.1)

This relation can be readily utilized to calculate the spatial frecuency response
resulting from any arbitrary charge distribution function. In particular, the process of
pkotogenecated electron-hole pair generation and field-induced- separation is of
considerable interest since it describes the response of the electrooptic spatial light .

* modulator to optical exposure. By way of illustration, such a writing process may be
simply modeled as shown schematically in Figure 10 by assuming an immobile~ exponential

1.0 I I10.0

(0)

0.1 (450

50)

0.001 0.01 *'

*1.0 10.0 1.0 10.0

SPATIAL FRE!Qu9NCY (1;o. pen/urn) SPATIAL FREQUENCY (Iin* pis/)

?iq-re 7. Effect of asymmetric charge Pi re . Effect of asymmetric charge
loc2azions on the spatial frequency response lontions on the spatial frequency response

* of VC..A positive charge is located at of V(w)/V(0). Note the nonmonotonic
time zu -500um electrooptic crystal/ behavior of V(w)/V(0) when both charges are 0
dielectric blocking layer interface. Each in the same half of the electrooptic
cure is labeled by the distance in urn of crystal. The curves for the negative chakrge
a negative charge. fromn the electrooptic at z- Oum and z- - 250um are identical.
cryszal/dielectric blocking layer interface
a t z- %.
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hole distribution given by (for O<z<teo in Figure 10)

- Ph(Z) - Ph exp(-Qz) '-5)

. corresponding to the absorption profile of the writing illumination, and a gaussian
electron distribution given by

* g 4(z-z)
Pe ) - Pe exp 2 Il)

such that the total charge density is P (z) Oh(W) 3 a(Z).

S0
In V~W 0 In V~W

00lilaw

In w Inw

(a)
(b)

V(w} W V#{ W) * v.(0)

-. V.(w) (+Q CONTRIBUTION)

..... V.(w) (-Q CONTRIBUTION)

4 a
* H H 4 I SInV~W 1' H In V(w)

In W In w

Figure 9. Schematic explanation of the effect of asymmetric charge locations on

1e spati.al frequency response of V(W) and V(w)/V(O). (a) Both charges are at
their respective interfaces; thus V+(w) - V-.Cw), and the total V(w) is simply
twice the potential difference expected for a single point charge (V(w)=2V+(w)).
(b) Here the negative charge is displaced from the interface, exponentially
attenuating the high spatial frequency response of V.(!). The sum of the terms
due to each charge thus decreases monotonically, with diminished high spatial
frequency response relative to case (a) (see Figure 10). (c) The negative charge
is placed at the center of the symefetric PROM. Hence, it does not contribute to
V(i) and V(..) - V+(w). (d) The negative charge is in the same half of the
crystal as the positive charge; the total V(w) can be obtained by taking the
difference between V (j) and -V_(w), since V+('j) and V.(-) have opposite signs.
Since V(.) and V.) decrease at unequal rates, V(w) no longer decreases
monotonically.
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The assumption of analytic form s for Ph(z) and a (z) allows the. total inte-grated
response (Eq. (14)) to be evaluated numerically in a straightforwsra manner. The results
of two such calculations ace presented in Figure 11. The curve labeled (l40;80,4CO)

* represents an exponential hole distribution of characteristic width (l/e point) 71.4 ~
* and a electron distribution centered at 400 Lvm with a characteristic width of !q.~'

* These distributions produce a spatial frequency response exhibiting monotonic behavior as
exzected from the discussion relating to Figure 9, since the majority of electron-s one
hol.es are on opposite sides of the electrooptic crystal layer. The curve labele-d
(280;40,50) represents an exponential hole distribution of width ?S.7 -0an guian
electron distribution centered at 50 6m of width 40 um. Here the electrons and holes are

* primarily on the same side of the electrooptic crystal layer, giiring rise to stcrifiig
nonrionotonic behavior of the spatial frequency response. The response for two point
charges located at opposite interfaces is reproduced for comparison.

Note that in both cases shown in Figure 11, the high spatial frequency response,
decreases moce rapidly than the w-1 dependence predicted from the single poiv't charge
analysis for charges confined to the interfaces, and yet does not decrease as rapidly as
the exp(-a) dependence predicted for point charges in the bulk away from the interface..

* This behavior can be understood by reference to Figure 12, which schematically illustrates
* the form of the integrand in Eq. (14). Since V(w,z) decreases exponentially from its

interface values as the distance from either interface increases, charges near the
interfaces are preferentially weighted in the summation. rn the limit Of large, spatial
frequencies, the limiting form of V(w,z) given in Eq. 12 may be employed. Hence

%. teaa

I ( eo~cl 0(z
Jo 0

-to 0 (0)
W (*cbl) 10J

1' 10.0

V101

1.0

Ph(Z) p.(z)

Z %

Z XO 1 ioz t..%

Idiea'). drip-)'. .p4"4)3

0.01
1.0 10.0

LiO~ 1. Example of an analytic
longit.udinal1 charge distribution

*representing exposure-induced charge SPATIALPCSOU1P4CY (Ni,. peijimm I
sep-aration. The- assumed hole

O ~ distribution is described by an
*exponential absorption profile OhMz gique 1. Effect of analytic

with absorption coefficient . The longitudinal charge distribution
electron distribution ce(z) is parameters on the spatial frequencyI
qaussian with width a centered at response of V(thj/V(O). The response
ZZ20. for the, case of point charges at

opposite interfaces (0,500) is
I ~'presented for comparison.,

76 ISPF1 1/60 218 Ovicles and Systems tor Optoca Signal Procesuing 11980)



EXPOSURE-INOUCED CHARGE OISTRIBUTION EFFECTS ON THE MdOULATION TRANSFER FUNCTION (MTF) OF

ELECTROOPTIC SPATIAL UGHT MOOULATORS 56

Thus at large spatial frequencies, the response decreases as , and the absolute
sensitivity depends only on the charge densities at or near *the dielectric
layer/electrooptic crystal layer interface. Since this relation holds true independent of
the assumed2 z dependence of the charge density, both cases described above are expected to

• appcoach - asymjftotically, as confirmed by reference to Figure 11. Further support for
this .:ediction is provided by experimental measurements of the modulation transfer
function in PRCM structures (1,16), which also indicate asymptotic behavior propoction-l
to -2. It should be noted that the shape of the longitudinal charge distribution
influences the onset of the high spatial frequency regime, such that distributions
primarily confined to the interfaces will approach the w 2 asymptote at higher spatial
trecuencies than those distributions extending significantly into the bulk electrooptic
crystal layer.

A more refined estimate of the device spatial frequency response resulting from optical
exposure may be obtained from iterative solutions of the .:harge transport equations under
simulated exposure conditions (13). Charge distributions so obtained are subject to the
assumptions that the minority carrier lifetime is independent of minority carrier density,
that diffusion terms in the transport equations can be neglected, and that the variation
in the electric field during the charge migration comprising each iteration can be

* neglected. In addition, it is important to include the effects of finite electtooptic
crystal layer thickness and to enforce self-conststency between the incremented charge
distribution and the resultant electric field distribution at each iteration stage (15),
in contrast to the method proposed in Ref. (13).

: Sample charge distribution results corresponding to exposure wavelengths of 450 - and
375 na for device constitutive proper ies as described in Fig re 1 are shown in Figure 13.

* The absorption coefficients (a-30 cm 6 @-450 nm; -s830 cL-' @ X375 m) are such that
the 375 =im case is characterized by close confinement of the hole distribution neer the
input interface with shallow electron penetration into the bulk, whereas the 450 nm case
is characterized by significant electron-hole pair generation throughout the electrooptic
crystal layer, resulting in a sizeable accumulation of electrons at the far interface, as
shown in Figure 13.

iP W
q p lz)

W(6 0 .+ bi)

q Zq

Z -0ZZ-

ZWO Z ato

Fiaure 12. Origin of w-2 asymptotic behavior for continuous
charge distribution cases. The total response V(,) at high

. spatial frequencies is given by the integral throughout the
electrooptic crystal layer of the high frequency form (Eq. 12)
of V(,.,z) weighted by the charge density 0(z). In the limit
of large w, the exponential attenuation with z of V(z)0'I
emphasizes the contribution from charges at or near the
respective interfaces.
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The spatial frequency responses calculated from these widely disparate charge
distributions are shown in Figure 14. As expected, the closely confined charge in the 17,
nm case produces a nonmonotonic spatial frequency response, whereas the volume excitation
pcese%.t in the 450 rim case generates a monotonic frequency response. This situation is

* qui-e similar to that described previously with reference to the exponential/qaussian
analvi: distribution cases. One interesting feature of the 450 nm case is the presence
of a 2 .a;e density of accumulated electrons at the Zuteq interface (due to the fact that
the d:.-t length is of the same order as the crystal thickness) (see Figure 131. The high
s-atial frequency response of such a highly confined charge density at an intecface a

ex.;ec:ed to decrease nearly as w" (see Eq. 12) at intermediate spatial frequencies,
ap;:oaching the required W-2 asymptote only at extremely high spatial frequencies. This
co,.:' .r ion is evident in Figure 14, inasmuch as the X-450 nm asymptote lies between w-1
ar .- over the spatial frequency range shown. Similar limiting behavior is evident in
the "-375 nm case, due to the close confinement of the hole distribution to the r-o
interface.

V. Device implications

* The dependence of the spatial frequency response on the dielectric constants and
• thicknesses of the dielectric blocking layers (as shown in Figuces 3 and 4, and in

Figures 5 and 6 of Ref. (10)) indicates that new PROM devices can be envisioned withmodulation transfer f'unct.ions constant to such higher spatial fcecuenCtes then ace

charactecistic of presently available devices. Gains in ,4T? behavior due to choice of
dielectric blocking layer properties will be accompanied by an overall reduction in device
sensitivity. Such new devices, however, would provide significantly improved image.
fidelity and resolution in applications where requirements on device sensitivity can be
relaxed, similar to the familiar tradeoff in the case of photographic film. Tn order to
improve PPCM resolution, high dielectric constant, high dielectric breakdown strength.
high resistivity dielectric blocking layers are required.
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FPc ,-e' 13. Longitudinal charge
ciLstrmu=:ions a (2) ca~culated numerically SP~tI P~teOUENcy (i~ Sllne m)-

using an iterated electron drift model
fO t'wo exposure *avelengqths (and.5

* ormespor~4inq absorptiLon coefficients).
Cu.rves A and 3 result f*ron exposure Figure 14. NoasaLized frequency
• svelengtha of 450 na and 375 rim, responses V(,w)/V(0) for the calcu],ated
-respec-.Lvely. The left and lower longitudinal charge dist:rbutions of
scales correspond t:o curve A, while FiLgure 13. The normealized response
'e ri.ght, and upper scales correspond of point charges at the two interfaces .'

to cur"ve 3. is included f[or comparison. .
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The effect of exposure-induced charge distribution thcoughout the bulk of the
elect:oo.:ic crystal layer is seen to have an adverse effect on the high spatial frequency
res~o,-se e.aacteristLcs of the image storage process. The optimum resolution and
sens .- ,:i:y within a given PRC device structure ace obtained when the hole distribution
is co.:ra.cd to the intecface nearest the negative electrode, and the entire electron
dis-:*_-:ion is swept to the intecface nearest the positive electrode during the writing

* cyclt. T'n e actual resolution and sensitivity obtained for a given device are thus
str:c d e.endent on the absorption coefficient of the electrooptic layer at the writing

'. ill ... :Lo .avelength, on the external applied voltage and voltage division bet'een the
muli. le layers during the writing cycle, and on the mobility-lifetime product of
pho.oce*era-ec electrons in the electrooptic crystal. Such bulk charge distribution
effec:s -ill also strongly affect the resolution and sensitivity for cases where the

'. image-w se .odulated charge pattern is induced by high energy electron beam (6) and x-rayg 15 so%;.:.es.

VI. Summary

A generalized expcession for the spatial frequency response of a three layer
electrooptic spatial light modulator is presented, which gives explicitly the dependence

JI of the response on the thicknesses and dielectric constants of the layers, and on an
atbitracy longitudinal charge position within the electrooptic crystal layer. This
soluion is applied specifically to the case of the Pockels Readout Optical Modulator
(PRC), wherein the importance of the inclusion of bulk charge distribution effects is
clearly demonstrated. These results ace extended to several cases involvinq continuous
longitudinal charge distributions, including both analytic (exponential hole/gaussian
electron) and iterative (exposure-induced) charge density functions. The spatial
frequency response in the continuous distribution cases reflects the essential features of
the point charge solutions. The generalized formulation developed herein can be utilized

C to model specific device operational modes and writing cycle parameters. Application to
other ESL,4's with anisotropic electrooptic materials exhibits device geometric,
conscitu:ive, and charge distribution effects similar to those described herein (15).
Research on the implications of including two-dimensional charge diffusion effects during
the writing process is currently in progress.

Appendix Z. Transverse contribution to PROM elec1troopo1ic effect

The contribution to the electrooptic effect of the electric field components transverse

to tLhe light propagation direction can be determined by consideration of the index

elli.acid. For a crystal of 123 symmetry such as Bi 2 Sio 20 the only nonzero electrooptic
coe.!!ici4ents are (in the usual contracted notation)

r4 1 r 5 2  r 63  CA-i)

If t .a longitudinal direction (corresponding to both the direction of the applied field
and : he direction of light propagation) is taken to be the z-axis, then the transverse
field co-ponents E and E modify the index ellipsoid such that

x 2  2. z 2

+ + + Exyz + 4EXZ , (A-2)

field ~~_ ie of reratin 4 l1 xZ 41 y d~i%n o  n o n

whore the longitudinal field Ez is taken to be zero for simplicity, and no is the zero
field. i..dex of refraction. In the usual PAOM geometry, the light propagation direction
is along the crystallographic <001> axis. The polarization eigenstates are determined by

the intersection of the ellipsoid with the plane normal to the light propagation direction

(z - 0 ;lane), which is described by

--7 +L - I (A-3)
n n 0

Since the intersection is circularly symmetric, the transverse fields E and Ey do
not contribute to the electrooptic effect for light propagating along the z axis.

* Conse -.ontly, only the longitudinal component of the electric field need be considered in
calc'-lazi- the field induced birefringence.
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" Abstract

Several candidate real time spatial light modulator technologies for conerent optical
processing applications are reviewed. Physical principles of operation are described, as

* are current technological and fundamental physical limitations on device performance. A
number of promising directions for current and future research on spatial light mooulators
are presented.

1. Introduction

* Following the advent of the laser, and directly stimulated by its ready availability,
~ tremendous progress has been achieved during the past two decades in the development of

conerent and incoherent optical processing techniques. However, the many advantages of
I ( two-dimensional parallel processing are not fully exploitable in image and data processing
* systems without the availability of appropriate real time spatial light modulators.
"'* Although a wide range of candidate spatial light modulator technologies nave been proposed r

and extensively researched and developed, no single candidate has as of yet emerged that at
once satisfies the system requirements of low cost, reliability, and ease of operation wnile
simultaneously exhibiting the requisite tecnnical performance characteristics demanded by
increasingly complex optical processing applications.

*Several factors have primarily contributed to the present gap between the level of
sophistication of optical processing techniques and the development status of spatial light
modulators necessary for real time implementations of such techniques. first and foremost,
device research and development is inherently expensive due to large capital equipment
requirements, necessary parallel research and development efforts in growth, deposition, and
cnaracterization of materials, and multiple iterations of device design on the basis of
operational characterization and application-dependent criteria. ro date, the prosvective
market for such devices nas not generally been viewed as large enough to encourage the type

S of major investments that stimulated rapid progress in such areas as information displays
* and solid state lasers. An added complication arises from the fact that all of the current
'. candidate spatial light modulators are active devices, and as such require extensive

parametric characterization coupled with comprehensive understanding of the fundamental
device physics for optimum results in diverse applications. Major progress in botn of these
areas has been a relatively recent development. Finally, it has become increasingly
apparent that no single spatial light modulator (at least of those presently envisioned) is

-capable of satisfying the wide range of at times conflicting demands stemming from the great
r diversity of proposed real time optical processing applications.

In the past few years, research has been initiated In a number of laboratories on the
pnysical principles of operation of generic classes of spatial light modulators, on tne
re4uisite materials technologies, on methods of device characterization and analysis, and on
new types of spatial light modulators for special applications. Such researcn has
demonstrated encouraging results, particularly In the areas of increased physical

* understanding of optimum device operational modes and design parameters, and of novel device
41 ( technologies.

"p In view of the numerous extensive reviews of spatial light modulators that nave already
been published (1-7) the purpose of this paper is to present a survey of recent results in
tne research areas described above. In particular, emphasis will be placed on our present• understanding of same of the fundamental physical limitations inherent in several of the
more promising spatial light modulator technologies. In succeeding sections of this paper,
performance parameters of spatial light modulators are briefly described with emphtasis on
several difficulties inherent In such performance evaluation and specification. Current
progress in three major types of spatial light modulators (electrooptic, liquid crystal, anu
photorefractive) is then described. Finally, so"e future directions for researcn in seveal
of these areas are sugqested.

% "7
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II. Performance Evaluation of Spatial Light modulators

It A wide range of potential applications exists for real time, recyclable spatial light

modulators in systems implementations of coherent optical processing techniques. These

applications include use as the input incoherent-to-coherent image transducer in optical
correlators and convolvers, programmable Fourier plane filters, serial-to-parallel
(two-dimensional) buffer memories, page composers for holographic memories, real time
holographic recording media, and holographic Fourier plane filters. In addition, many
optical processing applications demand considerable image preprocessing, including contrast
variation, contrast enhancement, contrast reversal, edge enhancement, Image

* (addition/subtraction, thresholding, level slicing, and minimization or elimination of the
zeroth diffracted order in the Fourier plane.

Performance evaluation of each of the candidate spatial light modulator technologies
is complicated by the innerently diverse requirements demanded by such a wide range of
applications and desirable features. A number of performance parameters important in
coherent optical processing applications are presented in Table I. This listing
characterizes device parameters required for primarily "linear* applications, in whicn the

* SLm output amplitude is optimally a linear function of the input intensity. Additional
parameters should be added for characterization of SLN's designed for "nonlinears
applications, including ideality of the implemented nonlinear function (e.q., loaarithmic

* for homomorphic filtering, or step for thresholding), programmability of the nonlinearity
(e.g., variable level slicing), extended resolution requirements (e.q., halftoning) and the
necessity for post-modulator thresholding (i.e., electronic or optical).

" TABLE I: PERFORMANCE PARAMETERS FOR SPATIAL LIGHT MODULATORS:
"LINEAR* APPLICATIONS.

linearity cycle time
sensitivity optical quality
resolution; MTF optical uniformity
contrast phase dependence

* address mechanism operational complexity
write/read wavelengths fabrication complexity
erase mechanism lifetime
grey scale (dynamic range) cost
storage capability/time special features
phase or amplitude readout reciprocity behavior
Fourier plane signal-to-noise ratio

* The difficulty of side-by-side comparison of SLt's is readily apparent from tne
considerable number of characteristics presented in Table 1. The suitability of an
individual SL also depends critically on the particular application for which it is
envisioned. Furthermore, data describing several of these performance parameters can be
highly misleading due to differences in definition and measurement techniques (1,8). For
example, device sensitometry (linearity and sensitivity), resolution (modulation transfer
function), Fourier plane signal-to-noise ration, uniformity (global vs. local), and
exposure-dependent phase present particular complications in specification and
interpretation. Sensitometry, resolution, and exposure-dependent phase depend on a wide
range of parameters (including, for example, wavelength input, exposure magnitude, exposure
pulse duration, operational mode (biasing conditions), readout mode, magnitude of baseline
subtraction) since SLm's are truly active devices. Resolution (MT1) specifications also

-. depend strongly on the measurement tecnnique and analytical method employed (8) due to
physical differences in device response to, for example, holographic fringe exposure as
opposed to incoherent grating exposure at a given wavelength. Measurement of Fourier plane
signal-to-noise ratio and device uniformity are largely dependent on defect densities that

*vary greatly from device to device due to lack of appropriate manufacturing process control.

The problems noted above with regard to accurate parametric- and application-dependent
characterization of SiN's are by no means insurmountable. Ratnaer, they point out tne

". importance of continued advances in the fundamental physical understanding of device design
and operation. As will be illustrated in several cases below, such improved understanding
can indicate optimum design criteria, new operational modes, and new applications for

* ' traditional SLM'S, as well as provide direction for the development of novel SL.A
technologies.

In the following three sections, current progress in eacn of three categories of
spatial light modulators is hignlighteo, with emphasis on the physical principles of device

I .
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operation, principal advantages and disadvantayes for potential apolications, and where
appropriate on current technological vs. fundamental limitations of device performance.

* The scope of this paper is necessarily limited, and the goals are to describe recent results
that demonstrate the importance of advances in device understanding on SLM pperation, as
well as to point out a number of promising novel SLM technologies. This focus has
necessitated some selectivity in the types of devices treated. Spatial light modulators
based on thermoplastic, deformable oil film, deformable membrane, electrooptic ceramics
(PLZT), magnetooptic, photochromic and photodichrolc effects nave been reviewed previously
(see Refs. 1-7). In Section III, progress in electrooptic spatial light modulators is
described, including the Pockels Readout Optical Modulator (PROM), the Microchannel Spatial ."

Light Modulator (MSLM), and the photo- and electron beam-DKDP devices. Section IV covers
recent advances in liquid crystal spatial light modulators, including the hybrid fielo 04
effect liquid crystal light valve (LCLV), the Si-addressed LCLV, and the newly developed
CCD-addressed LCLV. In addition, two novel liquid crystal devices are described for
nonlinear processing applications: the multiple period LCLV for parallel A/D conversion and
the variable grating mode liquid crystal device for implementation of arbitrary point
nonlinearities and optical logic and computing applications. Photorefractive effect spatial -

light modulators for applications in correlation/convolution, edge ennancement,
double-exposure holographic testing, and phase conjugate image generation are described in
Section V. p

III. Clectrooptic Spatial Light Modulators

£lectrooptic spatial light modulators (8SLM's) have been Investigated for numerous j
applications in coherent optical signal processing, including the Pockels Readout Optical
Modulator (PROM) (9), the microchannel Spatial Light Modulator (MSLM) (10,11), the electron

beam-DKDP SLM (TITUS) (12,13), and the photo-DKDP SLI4 (PHOTOTITUS) (14,15). Such devices
record two-dimensional image information in the form of a charge pattern which modulates the
voltage across an active (electrooptic) single crystal layer. The charge pattern is
typically induced either by intensity modulation of light incident on a photoconductive % j.

layer, or by direct electron beam charge deposition. more recently, image storage in ESLM's
has been accomplished by exposure to x-ray sources (13,16) ana by high energy beam charge
implantation (13,17). In each case, the image-wise modulated voltage is sensed using
polarized light by means of the linear electrooptic effect.

Since all four of those electrooPtic Spatial light modulators have a number of similar

operational features, the description of their essential characteristics will be simplified
by examining the physical operation of the PRO1 first as an example, followed by discussions
of each of the other devices.

III.1 Pockels Readout Optical Modulator (PROM) .

o A schematic diagram of a typical PROM structure is shown In Figure 1. The device is
comprised of a photoconductive, electrooptic crystal wafer (Bil2SiO20) sanawicned between
two thin dielectric blocKing layers. The blocking layers are coated with transparent
electrodes. The operation of the PROM is shown schematically in Eigure 2. A voltage
(typically 2 V) is applied to the device, dividing between the dielectric and electrooptic
layers in inverse proportion to the capacitance of each layer. A pulse of uniform uv
illumination generates free electron-hole pairs which are subsequently separated by the
applied field. Since the mobility-lifetime product of electrons is much larger than for
holes in 5i1 2SO 2 0 , illumination of the negative electrode provides the most efficient field
reduction per absorbed photon. In this "erase/prime" step (Figure 2), sufficient uv S
illumination is provided to effectively cancel the internal field in the BSO layer. Note
that the dielectric blocking layer thicknesses must be sufficient to witnstand 1/2 Vag.
When the applied bias Va = Is now reversed, the applied field and the field due to the
stored (displaced) char~&s add rather than cancel, resulting in approximately 2Vaf dropped r

across the BSO layer. IlluinTation from the negative electrode side with Rage-wIse
modulated blue light causes electron-hole pair generation and subsequent charge separation
at a rate proportional to the incident intensity at each location, giving rise to a
reduction in voltage across the electrooptic crystal in illuminated regions. Since in the
absence of illumination (subsequent to the writing process) the dielectric relaxation time
(a0O ) of bismuth silicon oxide is unusually large (of order several thousand seconds), tne
electron distribution is trapped in the bulk; hence, the written charge distribution isI
stored. The resultant two-dimensional voltage distribution induces a birefringence (tnrough
the linear longitudinal electrooptic effect) which alters the polarization of linearl-
polarized readout light oriented to bisect the principal birefringent axes, prooucing an
image-wise modulated amplitude when viewed through a crossed analyzer (see Figure 3). The
readout amplitude transmitted through a PROM between ideal crossed polarizers may De
expressed as

.1
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.4

* A(x,y) *in 1))

where A is the incident readout light amplitude, V1 /2  is the half-wave voltage of the
electro~ptic crystal, and V(x,y) is the voltage hcross the electrooptic crystal at image
coordinate (x,y). It should be noted that in the above expression it is assumed that the
readout wavelength and intensity are chosen such that insignificant photoconductive charge
redistribution occurs, and the effects of natural optical activity in the bismuth silicon

* O oxide crystal may be neglected (18,19). Thus the output amplitude is a monotonic function
of the input intensity (for applied voltages less than the electrooptic half-wave voltage);
such a transfer relationship is desirable for incoherent-to-coherent conversion and
subsequent coherent signal processing operations.

The write/read mode described above is presented again in Figure 4, where three
different levels of exposure are depicted. Note that in this mode of operation a negative
of the input image is produced on readout. An image positive may be created easily by

• reversing the sense of the applied voltage, creating a contrast reversal, as shown. In
addition, contour generation (level slicing) is achievable by varying the external bias,
causing various internal field regions to be cancelled by the external applied field. In
the illustration chosen in Figure 4, the region labeled "2" has been brought to the null
condition by suitable reduction of the applied voltage. Contrast enhancement of highly

. underexposed images results from external bias adjustment to disperse the exposed regions
about the zero field condition, as shown.

Recent progress has been achieved in the analysis of the fundamental resolution
limitations of the PROM as well as of the other electrooptic spatial light moaulators
(20-22). From the nature of Eq. (1), it can be seen that the resolution of an electrooptic
spatial light modulator depends directly on the relationship between a periodic (spatial
frequency w) variation in the writing intensity, and the resultant spatial modulation of tne
voltage across the electrooptic crystal. The cubic symmetry (123) of bismuth silicon oxide
in conjunction with the orient stion of the electrooptic crystal slice (<001>) assures tnat
only longitudinal components of the electric field contribute to the induced birefringence

* through the electrooptic effect. Therefore, the modulation In output amplitude (see
Eq. (1)] depends only on the voltage difference V(xy) between opposite sides of the
electrooptic crystal at each image point (x,y). In the absence of significant
two-dimensional diffusion effects in comparison with the drift-aided charge separation of
photogenerated electron-hole pairs, V(x,y) will be a function of the dielectric constants
and thicknesses of the electrooptic and blocking layers, the locations (in the z-direction)
of the trapped hole and electron distributions resulting from the writing (image recording)
process, and the spatial frequency of the charge (writing intensity) modulation in the (x,y)

* plane.

%From an exact solution of the device multi-layer structure containing a single point
6 charge, the Fourier transform of the voltage distribution (which can be directly relatea tothe modulation transfer function) was derived as a function of the charge location within

%the electrooptic crystal and the device layer parameters (20). Since the modulation
transfer function (MTF) for a given device will be both exposure and modulation dependent, a

% more fundamental indication of expected device performance is obtained by presentation and
discussion of the un-normalized (V(w)] and normalized EV(w)/V(0)j potential difference
functions.

At this point, it should be mentioned that the un-normalized potential differences V()
and the normalized function V(w)/V(O) have a direct interpretation useful for botn
comparison of distinct devices of different constitutive characteristics, and for comparison
of the implications of distinct charge distributions (resulting from different exposure
parameters) within a given device. In particular, graphs of V(W) as a function of W

4 paramoterized by different device constitutive properties assume equal exposure conditions
(identical charge distributions) while graphs of V(w)/V(O) assume optimum exposure
conditions for each compared device (i.e., sufficient exposure for each device sucn that
V(W) is optimized in the limit of low spatial frequencies. These types of comparisons are
familiar from the case of photographic film (23) where the typical resolution/sensitivity
trade-off forces a similar comparison of film properties on the basis of either response to
equal exposure, or response to optimum exposure (see Figure 5).

This situation is graphically illustrated by reference to Figures 6 and 7, wnicn depict
the spatial frequency dependence of V(w) and V(w)/V(0) for PROM device parameters as snown
in Figure 7, with the dielectric constant of the dielectric blocking layer as a parameter.
The effect of increasing the blocking layer dielectric constant Is seen to reduce tne device

*sensitivity (see Figure 6), while increasin; the high spatial frequency response for optimum
exposure in both cases (see figure 7). In Figures 6 and 7, a single point cnarge is located
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A

at one of the dielectric blocking layer/electrooptic crystal interfaces.

The dependence of the spatial frequency response on the dielectric constants and
thicknesses of the dielectric blocking layers (as shown in Figures 6 and 7, and in Eigures S
and 6 of Ref. (20)) indicates that new PROM devices can be envisioned with modulation
transfer functions constant to much higher spatial frequencies than are characteristic of
presently available devices. Gains in MTF behavior due to choice of dielectric blocxing
layer properties will be accompanied by an overall reduction In device sensitivity. Such
new devices, however, would provide significantly improved image fidelity and resolution in
applications where requirements on device sensitivity can be relaxed (as is the case with
photographic film). In order to improve PROM resolution, high dielectric constant, hig&
dielectric breakdown strength, high resistivity dielectric blocking layers are reutired.

In an effort to understand the effects of exposure-induced charge distributions
throughout the bulk of tne electrooptic crystal layer on PROM resolution, solutions for
cases Involving multiple point charges were obtained by a linear superposition of the
solutions for each separate point charge (21). In particular, the effect of an
electron-hole pair can be modeled if the point charges are assigned opposite signs. Tne
results of such a calculation as a function of the charge separation are snown in Figure 8.
In this calculation, the hole and electron were assumed initially constrained to opposite
interfaces, and were subsequently displaced symmetrically into tne bulk of the electrooptic
crystal layer. Three cases are depicted in Figure 8, in which the hole and electron were
first constrained to opposite dielectric blocking layer/electrooptic crystal interfaces

(0,500), and were subsequently displaced symmetrically into the electrooptic crystal layer ]
by 50 um (50,450) and 100 um (100,400), respectively. From Figure 8, it is observed that
charges displaced from the dielectric blocking layer/electrooptic crystal interfaces
strongly degrade the high spatial frequency response. In addition, such displacement
reduces the sensitivity at low spatial frequencies (21).

An estimate of the device spatial frequency response resulting from optical exposure
may be obtained from iterative solutions of the charge transport equations under simulated
exposure conditions (24,21). Sample charge distribution results corresponding to exposure
wavelengths of 450 nm and 375 na for device constitutive properties as described in Eigure 1
are shown in Figure 9. The absorption coefficients (me 30 cm "  X A * 450 no; a - 830 cm-1 0
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0(2) calculated numerically using an V(/V(O) for the calculated longitudinal I
iterated electron drift model for two charge distributions of Figure 9. The
exposure wavelengths (and corresponding normalized response of point charges at %
absorption coefficients). Curves A and 5 the two interfaces is included for compa-
result from exposure wavelengths of 450 nm rison.
and 375 nm, respectively. The left and
lover scales correspond to curve A, while
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curve a.
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- 375 nm) are such that the 375 nm case is characterized by close confinement of the hole
distribution near the input interface with shallow electron penetration into the bulk. In
contrast, the 450 nm case Is characterized by significant electron-hole pair generation
throughout the electrooptic crystal layer, which results in a sizeable accumulation of
electrons at the far interface (as shown in Figure 9).

The spatial frequency responses calculated from these widely disparate charge
distributions are shown in Figure 10. The closely confined charge in the 375 nm case
produces a nonmonotonic spatial frequency response (20-22), whereas the volume excitation
present in the 450 nm case generates a monotonic frequency2 response. In both cases, the
high spatial frequency response asymptotically approaches w- , In contrast to the w- 1

asymptote applicable to cases where all charges are confined to the interface (21).

The effect of exposure-induced charge distribution throughout the bulk of the
electrooptic crystal layer is seen to have a marked effect on the high spatial frequency
response characteristics of the image storage process. The optimum resolution and
sensitivity within a given PROM device structure are obtained when the hole distribution is
constrained to the interface nearest the negative electrode, and the entire electron
distribution is swept to the interface nearest the positive electrode during the writing
cycle. The actual resolution and sensitivity obtained for a given device are thus strongly
dependent on the absorption coefficient of the electrooptic layer at the writing
illumination wavelength, on the external applied voltage and voltage division between the
multiple layers during the writing cycle, and on the mobility-lifetime product of
photogenerated electrons in the electrooptic crystal. Such bulk charge distribution effects
will also strongly affect the resolution and sensitivity for cases where the image-wise
modulated charge pattern is induced by high energy electron beam (13,17) and x-ray (16
sources. Specification of the exposure wavelength (in addition to exposure level, bias
exposure, operational mode, and MTF test method (8)) is thus seen to be critical for proper
device evaluation and comparison. Research on the physics of the device operational modes
(prime, erase, exposure, and Osuperprime. (9)) utilizing the charge transport and resolution
models described above is currently in progress.

The PROM will continue to be utilized in applications requiring either temporal storage
or time integration. Current PROM's exhibit excellent contrast and Fourier plane
signal-to-noise ratio, moderate sensitivity and resolution, and provide a number of active
image preprocessing functions. The principal shortcomings of the PROM relative to certain
applications are nonlinear sensitometry effects at high exposure levels, the necessity of
blue write wavelengths for optimum sensitivity and resolution, and the lack of a completely
nondestructive readout mode (which limits the available readout gain).

111.2 Microchannel Spatial Light Modulator (MSLm)

The Microchannel Spatial Light Modulator (MSLM) (10,11) is under development for
coherent optical processing applications requiring high sensitivity, such as stellar speckle
interferometry or low-visibility optical communication. The MSLM is shown schematically in
Figure 11, consisting primarily of an evacuated cell (whicn may be either sealed or
demountable), a photocathode, a microchannel array plate, a dielectric mirror, and a thin
electrooptic crystal layer. The microchannel array plate consists of an array of
semiconducting glass-lined pores ('10 Um diameter), and is bounded by two semi-transparent
electrodes. The pores are oriented at an angle to the plate normal, so that incident
electrons Lm act the pore walls, giving rise to electron multiplication by successive
secondary electron emission. The microchannel plate is separated from the electrootic
crystal by a gap (-500-1000 um). In combination with the dielectric multilayer mirror, this
gap serves a voltage division function similar to the dielectric blocking layer in the PROM.

In operation, an initial electron distribution is emitted from the photocathode in
response to an incoherent or coherent control image (within the wavelength region of
photosensitivity of the photocathode). After electron multiplication in the appropriately
biased microchannel array plate, the amplified electron image is proximity focused onto the
dielectric mirror. Either positive or negative charge distributions can be written on the
mirror surface, depending on whether the ratio of secondary (emitted) electrodes to primary
(incident) electrons is greater or less than unity (see Figure 12). The charge distribution
induces a spatially varying longitudinal electric field field in the electrooptic crystal
layer, which modulates the local refractive indices through the Pockels effect. As In the
case of the PROM, either phase or amplitude modulation can be achieved on reflective readout
by appropriate readout polarization and/or orientation of the electrooptic crystal. In
current devices (11), both LiNbO 3 and LiTaO 3 z-cut plates have been utilized to produce pure
phase modulation.

The dynamic operation of the MSLM can be understood with reference to Figure 13, which
depicts lines of stable equilibria (full bold lines) and a line of unstable equilibria
(broken bold line) in the state-space of the device (gap energy eVg as a function ot

'o
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effective cathode potential eVk). The effective cathode potent al Is a function of the
secondary emission characteristics of the dielectric mirror/crystal surface, the gap voltage
Vg, the microchannel plate voltage Vmcp, and the shape of the electron energy distribution
emitted from the microchannel plate. The parameter 6 is the ratio of secondary electrons
collected by other parts of the system to primary electrons. With no illumination incident
on the photocathode, the gap voltage may be altered by raising or lowering V, (see

* Figure 11). If the gap voltage is initially biased into the region where 6 c<l, Illumination
* of a particular region of the photocathode will induce electron deposition on the crystal,

causing the local gap voltage to drop along one of the vertical lines shown in Figure 13.
S Saturation in this region will occur when the total local exposure exceeds the level

required to drive the gap voltage onto the stable equilibrium curve. The image can be
erased by subsequently lowering the bias into the region 6c>1 and uniformly or selectively

* illuminating the photocathode, such that net electrons are emitted from the surface, raising
. the local gap voltage along one of the dashed lines shown. The lower dashed bold line

labeled Ecol represents unstable equilibria, since lowering of the gap voltage below this
line causes entry to a second dc<l region, such that illumination drives the gap voltage
toward the line 9 o 0 along which the incident primary electron energy at the crystal

* surface is zero. Hece once a loral region of the crystal surface resides on this line, the
local potential cannot be further altered without changing the bias level Vb -

Charge distributions have been successfully stored directly on a 500 Um thick LiTaO 3
" crystal (without a dielectric mirror) fo; periods as long as two weeks (11). Although the
-" surface and bulk resistivities of LiTaO 3 are such as to result in large dielectric

relaxation time constants, it is likely that deep surface trap states with extraordinarily
long relaxation times must be involved in the electron-induced charge storage mechanism.
Research on the nature of such trap levels by spectroscopically selective photoemission is
currently in progress (25). The existence of image storage capability can be used in
concert with programmable variation of the bias voltage Vb to allow implementation of
several useful Image preprocessing functions. Image addition and subtraction can be
performed by temporal Integration and sequential selective write/erasure, respectively.
Contrast enhancement and reversal can be implemented by bias adjustment following exposure,
as described earlier in the case of the PROM. Utilization of the erasure saturation
characteristic described above provides a form of variable level thresholding. In addition,
edge enhancement is possible due to variation of the secondary electron emission
characteristics In the presence of fringing fields in a region of exposure discontinuity.

One of the most promising features of the MSLM configuration is its inherent
flexibility in both choice of electrooptic crystal and choice of photocathode material

(which together determine the readout and writing wavelength response regions for the
device, respectively). Since the mierochannel array plate is inherently responsive from
x-ray to near-uv wavelengths, no photocathode is required for operation in this regime. The
device exhibits extremely high sensitivity, and the physical separation of the writ* and
read functions allows further inherent throughput gain in image amplifier applications. The
combination of long term storage with (at present) near-TV frame rates allows great
flexibility In system design. Current MSLM's exhibit resolutions (-3 lp/mm) limited by the

", thickness of the electrooptlc crystal, the relatively thick dielectric blocking layer (gap),
*and the low dielectric constant of the gap. Although the implementation of the active image

preprocessing functions described above involves rapid programmability of relatively hign
* voltages, the almost purely capacitive loading presented by the MSLM should minimize such

difficulties.

111.3 Photo-DKDP Spatial Light Modulator

The photo-DKDP Spatial Light Modulator (also called OPHOTOTITUSO (15)) has been
developed and is currently manufactured by Laboratoires d*Electronique et de Physique
Appliquee in France, and has only recently become available for experimentation in the
United States (26). A schematic diagram of the photo-DKDP device is shown in Figure 14. A
wedged electrooptic crystal layer of deuterated potassium dihydrogen phosphate (DKDP) is
sandwiched between a dielectric mirror and a transparent electrode on a Car substrate. A

.. photoconductive layer of amorphous selenium is deposited on the dielectric mirror, and is
overcoated with a second transparent electrode. This assembly is incorporated in an
evacuated two-stage Peltier cooler to allow operation near the ferroelectric Curie point of

DKDP (-SO 0 C), which enhances the resolution and storage time of the device while
significantly reducing the half-wave voltage of DKDP to approximately 300V. This reduction
in operating voltage is critical in order to allow the incorporation of the Se
photoconductor, which effectively separates the read and write functions.

Operation of the photo-DKDP SLM is similar in most respects to the PROM operational
modes described above, as is depicted schematically In Figure 15. In Figure 15(a), initial

/ application of a positive voltage V0 to the So electrode produces a voltage division among
the various layers. Exposure to appropriate wavelength write illumination (typically
440-520 nm) induces hole transport across the Se layer, reducing the voltage across the
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photoconductor and increasing the voltage across the electrooptic DKDP crystal
(Figure 15(b)). In Figure 15(c), the electrodes have been short-circuited to produce a

S positive readout image. The small residual voltage V in the dark (unilluminated) region
arises from the finite dark conductivity of the photoconluctive layer during the writing
cycle. Erasure is accomplished by subsequent uniform illumination of the photoconductor to
induce electron transport to the mirror interface, thereby reducing the stored electrostatic
field to zero. It should be noted that exposure wavelengths on the long wavelength side of
the selenium photoconductivity response will initiate bulk electron-hole pair generation
with resultant ambipolar diffusion. Sincethe mobility-lifetime product for electrons is
significantly smaller than that for holes, sensitometry curves resulting from primarily
electron transport differ from those characterized by primarily hole transport. These
differences are especially important for image subtraction applications (14).

The photo-DKDP spatial light modulator has been utilized in a wide range of coherent
optical data processing applications, and has demonstrated processing accuracies comparable
to those achievable with photographic film inputs (26). The device as presently configured
has moderate sensitivity, storage capability, and the availability of image subtraction in
addition to other image preprocessing functions. The resolution is enhanced relative to

• that exhibited by current PROM's due to the increase in dielectric anisotropy resulting from
Curie point operation. On the other hand, this very feature limits the contrast available
in non-collimated readout configurations due to large natural birefringence. The necessity
of cooling to. achieve proper device performance can led to nonuniformities in device
characteristics, since small temperature differences yield large changes in the magnitude
and ratio of the dielectric constants. The hygroscopic nature of DKDP necessitates the use
of an evacuated cell; however, even with this constraint the reported optical quality of
current devices is excellent (14).

111.4 Electron-Seasm DKDP Spatial Light modulator P

The electron-beam DKDP SLM has been under development for many years for coherent
optical processing applications, and has been implemented during the past ten years in two
similar versions (12,13). The primary difference between this electrooptic spatial light
modulator and the. three previously described is the mode of address. As shown in Figure 16,

* S
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P4~re 15. Distribution of voltage as a Fur4 6 . Electron-beam-ddresse Pockels

Tunction of distance in the photo-DDP e ct imaging device using a DKDP (KD2PO4)
SLM at different operational steps for crystal plate operated in the reflection
illuminated (BR) and unilluminated (DK) mode. A constant current electron beam is
regions. (After Casaeent, Ref. 14). used and the video signal is applied between

the transparent conductive layer and the
main grid placed at about 40 um from the
target. (After Marie, Ref. 13).
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charge is deposited on a dielectric mirror/electrooptic crystal layer by an axial (13) or
off-axis(12) electron gun driven in a raster pattern and grid-modulated by a serial (usually
video) input. The physics of operation at this device thus combines several features of the
MSLM and the photo-DKDP SLM. The design, operation, and applications of this SLK have been
extensively documented (12,13) and are not treated herein. In addition to a wide ranoe of
applications in optical data processing, the electron-beam DKDP spatial light modulator has
been successfully utilized for large-screen multi-color television projection display (13).

IV. Liquid Crystal Spatial Light Modulators

A number of spatial light modulator technologies are based on the utilization of liquid
crystals. The attractiveness of liquid crystal layers for this application arises primarily
from several unusual characteristics of nematic liquid crystals, including large dielectric
anisotropies (resulting in low operating voltages), large birefringences (resulting in
sizeable polarization effects even in the thin cells necessary for rapid response times),
and a wide variety of possible alignment configurations. in this section, several liquid
crystal spatial light modulators are discussed, Including some potentially exciting
modifications of the Hughes liquid crystal light valve, as well as two novel liquid crystal
devices for nonlinear coherent optical processing applications.

IV.1 Hybrid Field Effect Liquid Crystal Light Valve

By far the most advanced spatial light modulator employing a liquid crystal layer as
the active electrooptic element is the hybrid field effect liquid crystal light valve (LCLV)
(27,28). The typical device configuration of the LCLV is presented in Figure 17. A

transparent electrode and a chemically inert insulating layer (SiO ) are deposited on an
optically flat glass substrate. The insulating SLO 2 layer prevents dc

2 current flow through
the device while simultaneously functioning as a preferred direction alignment layer for the
liquid crystal and as an ionic blocking layer to prevent cell poisoning effects. A biphenyl
nematic liquid crystal layer is confined laterally by a deposited thin film'spacer, and
longitudinally by a second Si0 2 alignment layer. The liquid crystal layer is
photoconductively-addressed by a thin film of cadium sulfide deposited on a transparent
electrode-coated optically flat glass substrate. Separation of the read and write functions
is accomplished by Incorporation of a dielectric mirror and cadmium telluride light blocking
layer between the liquid crystal layer and the CdS photoconductor, as shown.

In order to optimize the electrooptic properties of the liquid crystal layer for
coherent optical.processing applications, a hybrid field effect operational configuration is
employed (27). In this configuration, the uniaxial liquid crystal molecules are
preferentially aligned (by means of appropriate surface treatment of the SiO2 alignment
layers) with their long axes parallel to the electrode surfaces (homogeneous alignment). In
addition, the aignment directions on the two opposed surfaces are oriented to form an
included angle of 450. This 450 twist imparts a continuous rotation of the liquid crystal

* molecules from one surface to the other, as shown schematically in Figure 1s. Since the
* nematic liquid crystal employed in this device exhibits large birefringence (difference in

refractive indices for light polarized parallel and perpendicular to the molecular long
axis), the resultant twisted layer can be modeled as a succession of thin birefringent
layers, each oriented at a slight angle with respect to the immediately preceding and
following layers. Such an optical configuration has been shown to be equivalent under
Scertain conditions to a purely optically active layer (29), so that the polarization of
light traversing the layer undergoes a pure rotation of 450 .

The operation of the hybrid field effectsliquid crystal layer can be explained with
reference to Figure 19. In the 'off" tate with no voltage applied across the liquid
crystal layer, input light polarized parallel to the preferential alignment direction of the
entrance electrode experiences a positive 450 polarization rotation on traversing the layer,
and a negative 450 rotation following reflection from the dielectric mirror and a second
pass through the cell. Hence the emergent polarization Is parallel to the incidentpolarization, and can be extinguished with a crossed analyzer to provide a dark off state.

When voltage Is applied across the liquid crystal layer, the resulting longitudinal electric4 ( field tends to align the liquid crystal molecules with the field direction (due to the

positive dielectric anisotropy of the molecules). This *tilt* toward perpendicular
alignment from parallel alignment varies continuously between the two surfaces, and is
largest in the center of the layer where the surface alignment forces are weakest. Due to
the physical nature of the Intermolecular forces, as the tilt angle increases in a given
layer, the transmittance of the twist angle is weakened. Hence as the voltage is increased,
molecules in the layer center approach a perpendicular orientation, allowing molecules near
each surface to relax toward an untwisted state with orientation parallel to the induced
surface orientation. The polarization of incident light will thus be relatively unaltered~by the front half of the cell on the first pass, but will encounter a birefringent layer

oriented at 450 in the rear half of the cell, causing the polarization of light striking the
dielectric mirror to be elliptical. Since birefringence adds on reflection (rather than
cancels as In the case of optical activity), the emergent polarization from the cell will In
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general be elliptical, such that the appropriate component will be passed by the crossed
analyzer. A detailed analysis of the cell transmission as a function of voltage has
recently been performed (30-32).

In order to function as an optical-to-optical converter, the LCLV requires a mechanism
for spatially-dependent variation of the liquid crystal layer voltage in response to an
input image intensity distribution. This function is performed by the CdS/CdTe
heterojunction in series with the capacitance of the multilayer dielectric mirror. Analysis
of the operation of this structure (33,34) shows that photocapacitive as wall as
photoconductive processes must be considered to fully explain the observed LCLV sensitometry 6
behavior. The LCLV requires low operating voltages (5-10 V rms) at intermediate frequencies
(1-10 kz).

The principal advantages of the hybrid field effect liquid crystal light valve for
coherent optical processing applications are good sensitivity and resolution
characteristics, full separation of the write/read functions (which allows for the
possibility of single wavelength optical feedback, for example), simplicity of operation,
and low power requirements. The sensitometry characteristics of the LCLV depend rather
• trongly on the magnitude and frequency of the applied voltage (35,36); this feature can be
used to advantage in some applications, but also contributes to device nonuniformity effects
(36). Device uniformity in both the off and on states has been shown to be a quite
sensitive function of liquid crystal layer thickness (30-32), which Is particularly
difficult to control in such a multilayer structure. Device reproducibility (both within a
given device and from device to device) is dependent primarily on the deposition
characteristics of the cadmium sulfide and cadmium telluride layers, since the optical and
electronic properties of Z-VI compounds are strong functions of deposition conditions. The
device response time varies as a function of input intensity (primarily due to the
characteristics of the CdS photoconductor), which when coupled with the lack of storage
capability leads to temporal variations of the diffracted orders in the Fourier plane during
operation, and in some cases to image ghosting with slow decay time constants in brightly
exosed regions of the images. A number of these difficulties are due primarily to the
utilization of CdS as the photoconductor, and should be eliminated with the advent of the
Si-LCLV described below. Finally, it is important to note that the hybrid field effect
structure gives rise to an input-intensity-dependent phase shift of the output wavefront
that is a further function of the relative orientation of the LCLV, polarizer, and analyzer
(37).

IV.2 Silicon Liquid Crystal Light Valve

Recently, a major potential technological advance in liquid crystal light valve
technology has been reported (38), resulting from incorporation of a silicon photoconductor
in a hybrid field effect device. The structure of this novel light valve is shown in
Figure 21. The active liquid crystal layer is the same as that described previously for the
CdS-addressed LCLV. The CdTe layer has been replaced with a cermet light blocking layer,
composed of a multilayer structure of metallic (tin) islands dispersed in insulating (SiOx )
layers. A silicon dioxide gate insulator is coupled to a very,+high resistivity w-silicon
wafer to form an PIOS structure. A thin degenerately doped p layer forms the rear device
electrode, and is overcoated with a thermally grown protective oxide coating. A square
p-doped grid just beneat4 the SL0 2 gate insulator serves to enhance the device resolution
(as described below), and p isolation channel stops surround the periphery of the wafer to
minimize minority carrier injection into the active region.

When the Si/SiO interface is biased into accumulation, recombination at the interface
erases any residual Image and readies the device for the active mode. The Si/SiO2 interface
is then biased into depletion (depleting not only the p-grid but also the entire w-silicon
layer), and the v-silicon side is illuminated with the input image. Illumination produces
local electron-hole pair generation near the back contact, with electrons subsequently swept
to the Sil/SlO 2 Interface by the field across the *-silicon layer. Calculations show there
to be only negligible spreading of the swept-electron distribution during traversal across
the wafer (39). In addition, the depleted p-grid is more negative than the surrounding
w-regions, which acts to focus the incoming electrons into the w-buckets near the Si/SiO2
interface. The p-grid also prevents significant charge spreading during the readout cycle.
Due to the sequential accumulation/depletion cycle, the mode of operation is fully ac, which
significantly extends the lifetime of the liquid crystal layer. Once the image-induced
charge pattern has been established at the SI/SiO2 interface, the electric field across the
liquid crystal layer will be modulated such that the device may be read out in reflectionjust as described above for the CdS/CdTo LCLV.

Current performance parameters of the SI/LCLV are quite encouraging, with limiting
resolution of 25 lp/mm at present limited by a 20 um period grid, 20 uW/cm' sensitivity, and
a contrast ratio of 30t1 (39). The device has been successfully operated at TV frame rates.
With the incorporation of a grid with 6 um period, the limiting resolution should be

r-. .02



74

-j-

t t t t..t

LAA

*Wyeta
vav. (fetraZ e.3)

WA 110T*L*N AI
LHINT Keenn

LATINI* ... A'.I a

IcmfR ILI

Figure 2.Cosscinlshmtco ,,r 3 ucinlshmtco h
liudcytllih C-drssdlqi rstllgtvle

valve. _(After __________Ref 4h0),s.hhherline ,Rf.4)



#A 75

extendable to 150 lp/mm. The liquid crystal layer is expected to accommodate such high
spatial frequencies, since the presence of grid lines 3 um wide has been observed in several

S test structures (39). The silicon photosensitivity spectrum extends from the near uv (400
nm) into the near ir (1.1 pm) with high quantum efficiency. Hence such Si-LCLV's should
find numerous applications in optical data processing, including real-life scene input
situations.

IV.3 CCD-Addressed Liquid Crystal Light Valve

Much of the new technology evident in the SI-LCLV is being utilized to mate a high
bandwidth serial/parallel CCD register to a modified Si-LCLV for optical processing
applications requiring a serial Input format (40). As illustrated in Figure 22, the
CCD-LCLV is similar In configuration to the Si-LCLV described above. The difference between
the two consists primarily in the placement on the uppermost i-silicon surface of a surface
channel CCD array. Proper sequencing of the clock lines *1-04 propagates electron packets
under each gate. Subsequent positive bias of the liquid crystal electrode drives the
electron packets to the SL/SbL2 interface, where they are focused and prevented from lateral
diffusion by the implanted p-grid. A functional schematic diagram of the CCD array is shown
In Figure 23. The input is serially transferred by the series clock into the CCD buried
channel series register until an entire line of data Is recorded. The line of data is then
transferred In parallel to the adjacent CCD surface channel parallel structure as shown.
When all CCD registers are full, representing a complete frame of input information, the
bias voltage is changed to drive the entire stored electron packet array to the Si/SiO 2interface. At this point, the two-dimensional image can be read out in reflection by
polarized illumination from the liquid crystal side of the device, as shown. The buried
channel serial array is necessitated by the 100 MHz design clock frequency, while the slower
(100 kHZ) parallel array requires surface channel technology to allow for subsequent charge
transfer to the SL/SiO interface.

Current CCD-LCLV ievices are 64x64 arrays of elements on 1.3 mil centers (total active

area 83 mils square) (39). A 256x256 element array is presently under 
developmept, with an

eventual goal of a lO00xlOOO element array operating at 100 kiz per line. Such a device
would operate at an overall frame rate approaching 100 HZ. Several difficult technical
problems currently under investigation include the quality of image transfer from the CCD to
the LC layer, development of the novel buried channel serial/surface channel parallel CCD
approach, uniformity of processing of the very high resistivity w-silicon wafer, and the

processing delicacy required for the 5 mil thinned wafers. Achievement of these design
goals will represent a long-awaited major breakthrough in serial input/parallel output
spatial light modulator technology.

IV.4 Multiple Period Liquid Crystal Light Valve

A technique for optically performing parallel analog-to-digital conversion on
0 incoherent two-dimensional Inputs at real-time rates utilizing a multiple period liqijid

crystal light valve has been recently described (41). This MP LCLV is similar in
construction to the hybrid field effect LCLV with the notable exception that the liquid
crystal layer was homeotropically aligned (long molecular axes perpendicular to the
electrode in the *off* state). The liquid crystal chosen has negative dielectric

anisotropy, so that application of a voltage across the layer tends to rotate the molecules
parallel to the electrodes. The magnituds of the rotation is a function of the applied
voltage, so that readout light polarized at 45 vith respect to the projection of the long
molecular axis on the electrode surface (in the partially rotated state) will experience
pure birefringence on traversal of the cell. For liquid crystals with large optical
anisotropies (and for thick enough cells), the total phase retardation can be many multiples
of 2w. Since the local voltage across the liquid crystal layer can be

photoconductLvely-addressed, the overall relationship between the intensity transmlttance f
the device and the incident intensity at any point is given ideally by the sinusoidal (sin') ?k %
curve shown by a dashed line in Figure 24. In Figure 24(a), optical or electronic
thresholding of the device transmittance at one half produces the least significant bit of
the reflected or Gray code. Rescaling the input intensity by a factor of one half produces
the device transmittance curve shown in Figure 24(b). Thresholding of this curve at one
half produces the next most significant bit, and so on. Sequential rescaling as shown in
Figure 24(a-c) produces the 3 least significant Gray-code bit planes in sequence. Parallel
rescaling Is also possible utilizing 3 periodically repeated attenuating strips on the
device surface of attenuation factors 1, 1/2, and 1/4, respectively (41).

Due to the nonlinear sensitometry effects associated with the cadmium sulfide
photoconductor described in Section IV.l, the actual device response curve departs

significantly from the ideal behavior of Figure 24. The response curve of the actual device
utilized for the A/D conversion experiments is shown in Figure 25. The aperiodic nature of
the device response curve necessitated nonuniform quantization level assignments, as shown
In the figure. Hevertheles, real time parallel three-bit A/D.conversion was performed
successfully with this device (41), with an estimated potential A/D conversion rate of

-A -A 7.
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1.2xlO8 points per second for currently available device parameters. Development of a LCLV
with a more nearly periodic response function would significantly advance the potential of
this technique, but requires linearization of both the photoconductor response and the
relationship between applied voltage and effective birefringence.

IV.S Variable Grating Mode Liquid Crystal Device

Variable grating mode (VGM) liquid crystal devices offer a new approach to the problem
of optical transducers (42-44) for nonlinear optical processing and optical logic and
computing applications. The basic function of the VGM device is to perform an

I* intensity-to-spatial frequency conversion over a two-dimensional image field. In this
process, the intensity variations of an input image are converted to local spatial frequency

.. variations in a phase grating structure within, the liquid crystal layer. Due to this
.- intensity-to-spatial frequency conversion, a standard spatial filtering system can be used

to manipulate the input intensities.

The principal element of the variable grating mode device is a thin layer of liquid
crystal that is observed to form periodic stripe domains In the presence of an applied

*) voltage. The formation of the domains results in a phase grating characterized by a spatial
frequency that depends on the magnitude of the voltage across the liquid crystal layer. The
grating period can be optically controlled by placing a two-dimensional photoconductive
layer in series with the layer of liquid crystal. The structure of the photoactivated
device is shown schematically in Figure 26. The sputter-deposited ZnS photoconductor and
the liquid crystal layer are sandwiched between indium tin oxide transparent electrodes
deposited on optically flat glass substrates. To operate this device, a dc voltage is
impressed across the electrodes. The thin film structure is designed to accept most of the
drive voltage when the photoconductor Is not illuminated, such that the fraction of the
voltage that drops across the liquid crystal layer is below the activation threshold of the
VG effect. Illumination incident on a given area of the photoconductor reduces its
impedance, thereby increasing the voltage drop acoss the liquid crystal layer and driving
the liquid crystal Into Its activated state. Thus, due to the VG effect, the
photoconductor converts an input intensity distribution into a local variation of the phase
grating spatial frequency. The variation of optical frequency with voltage across the
liquid crystal layer is quite linear for a wide range of VG liquid crystals, as shown in

* Figure 27. The fundamental origin of the VCR effect Is not well understood, and is the
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Figure 24. Nonlinear characteristic Tinto 25. Response curve of the multiple

curves required for the three-bit Gray period liquid crystal device used for the
code. Solid curves are the desired three-bit A/D conversion. The solid curve
characteristics for the bit plane outputs. is the measured response. The dashed
Dashed curves are the ideal responses of a curve represents the same response with
multiple period liquid crystal light valve, a fixed attenuation of the input.
Parts (a) through (c) represent increasingly (After Armand, Ref. 41).
significant output bits. (After Armand,Ref. 41).
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subject of current investigation.

* The intensity-to-spatial frequency conversion capability of the VGM device allows the
implementation of arbitrary point nonlinearities with simple Fourier plane filters. As

.. discussed above, when an input image illuminates the photoconductive layer of this device,
the intensity variations of the input image change the local grating frequency. If conerent
light is utilized to Fourier transform the processed image, different spatial frequency
components (corresponding to different input intensities) of the encoded image appear at
different locations In the Fourier plane. Thus, by placing appropriate spatial filters in

*this plane it is possible to obtain different transformations of the input intensity in the
output plane as depicted in Figure 28. This figure describes the variable grating mode
nonlinear processing function graphically. The input intensity variation is converted to a
spatial frequency variation by the characteristic function of the VON device (upper
right-hand quadrant). These variations are Fourier transformed by the optical system and
the spectrum is modified by a filter in the Fourier plane (upper left-hand quadrant).

*Finally, a square-law-detection produces the intensity observed in the output plane (lower
left-hand quadrant). Considered together, these transformations yield the overall
nonlinearity (lower right-hand quadrant). Design of a proper spatial filter for a desired

* transformation is a relatively easy task. For example, a level slice transformation
requires only a simple slit that passes a certain frequency band or bends.

To visualize how the VON device can be used to implement logic operations, one need
only realize that the function of a logic circuit can be represented as a simple binary
nonlinearity. The input-output characteristics of the common logic functions are shown in

Figure 29. The input in this figure is the simple arithmetic sum of two input image
intensities corresponding to logic levels 0 or 1, as shown in the experimental arrangement
depicted in Figure 30. For example, NOT is simply a hard-clipping inverter, AND and OR are
hard-clippers with different thresholds and XOR is a level slice function. In the VGH
approach, such binary nonlinearities can be directly implemented by means of simple slit
apertures (41). Thus the particular binary logic function implementqd is fully programmable
merely by altering the (low resolution) Fourier plane filter. In addition, the input and
output functions are physically separate, which provides for the possibility of level
restoration of degraded inputs. This feature is essential to the production of a reliable
logic system that is immune to noise and systematic errors.

Many logic functions which would normally require multiple gates to implement can be
obtained directly with a single VGN cell. An important example is the full-adder where two
input bit planes and the carry bit plane are Imaged simultaneously onto the VON device,
generating four possible input intensity levels as shown in Figure 31. The four resulting
diffracted orders can be filtered to generate the sum bit plane using the positive orders
and simultaneously the carry bit plane using the negative orders. Thus, a full addition can
be performed in a single pass through the device. Functions requiring matrix-addressable

* look-up tables can be generated by utilizing two orthogonally oriented VGM devices in
conjunction with a two-dimensional Fourier plane filter. Several such functions are
required for optical implementation of residue arithmetic. Finally, in addition to the
combinatorial logic functions discussed above, sequential logic may also be implemented with
appropriate feedback.

C
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Fi re 30. Experimental arrangement for Figure 31. Implementation of a single
performing logical operations on 2-D pass full adder with a VGM device. The
binary inputs with a VGM device. (After inputs A and B represent two binary
Chavel, Ref. 42). images (bit-planes) to be added, while

input C represents tne carry-bit-plane
from the previous operation.
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The wide range of nonlinear optical processing applications described above
demonstrates the tremendous flexibility inherent in the intensity-to-spatial frequency

* conversion process. It is unfortunate that at present, the VGM device represents the only
available real time implomentation of this operation. The present major shortcomings of the
device are grating imperfections (which give rise to broadening of the diffracted orders),
speed of response (on the order of one second), and lifetime. Improvements in all of these
areas may be anticipated, since the VGM liquid crystal device is at an early stage of
development.

V. Photorefractive Spatial Lght Modulators

Until quite recently, the recording of volume holograms in photorefractive materials
has been primarily Investigated for applications in archival storage and high resolution
holographic memories. Applications to coherent optical processing were limited by extremely
low writing sensitivities in available electrooptic materials. Recently. however, a number
of electrooptic materials have been investigated which exhibit holographic recording
sensitivities comparable to that of photographic film, including iron-doped lithium niobate
(45), strontium barium niobate (46), bismuth silicon oxide and bismuth germanium oxide (47),
and barium titanat*e (48). The availability of appropriate materials for real time volume
holographic storage has spawned interest in several optical data processing applications,
incuding phase-conjugate wavefront generation (49), double-exposure and time average
holographic Interferometry for non-destructive testing (50,51), real time
correlation/convolution (52,53), and edge enhancement (54,55). The use of photorefractive
materials as spatial light modulators necessitates the use of coherent input and output
beams, and as such represents a departure from the traditional function of
incoherent-to-coherent conversion In SLM's. However, such devices may be utilized as
Fourier plane holographic filters in conjunction with an incoherent-to-coherent or
electron-beam-addressed SLt, and in applications (such as multiple exposure holographic
interferometry and phase-conjugate wavefront generation) requiring coherent sources.

The physical origin of the photorefractive effect is shown schematically in Figure 32
(S6). The intensity interference pattern of two monochromatic coherent plane waves with
angular separation 20 is characterized by a grating vector k - 4, (sine)/x oriented
perpendicular to the acute bisector of the plane wave propagation vectors. within the

• photorefractive material, either electron-hole pair generation, or electron (hole)
excitation from trap states to the conduction (valence) band, or both may occur at a rate
proportional to the local intensity. Free carriers so created will diffuse due to the
spatially-varying concentration gradient, and will subsequently be trapped preferentially in

regions of lower intensity. This charge redistribution can be enhanced by application of an
electric field parallel. to the grating wave vector. The resultant spatial variation in the
charge distribution replicates the grating spacing of the intensity interference pattern,
generating a periodic modulation of the local space charge field, which in turn modulates
the local refractive indices through the Pockels (electrooptic) effect. The refractive
index grating so formed creates a volume phase hologram within the bulk of the electrooptic
material, which can be read out by a third monochromatic beam of appropriate polarization
counterpropagating along either of the two writing beams. Both transmission and refection
holograms may be stored dependent on the orientation of the crystal with respect to the
writing beams, as well as on the included angle 20. The sensitivity and maximum diffraction
efficiency of the photorefractive holographic storage process are functions of the density
of carriers available for photoexcitation, the density of available traps for charge
redistribution, the magnitude of the electrooptic coefficient, the relative intensities of
the writing beams, the magnitude of the applied field (if any), the mobility-lifetime •
product of the liberated photocarriers, and the grating period, in addition to numerous
geometrical factors. Simultaneous optimization of these considerations places many
constraints on the selection of appropriate electrooptic materials, and consequently
emphasizes continued research on desirable material modifications (primarily doping and
improvements in growth techniques for enhanced optical quality) and characterization of the
relevant optoelectronic properties of electrooptic materials.

Photorefractive materials have several notable advantages for coherent optical_
processing applications. Since both image plane and Fourier plane holograms can be recorded
will equal ease, great flexibility in optical processing configurations can be made use of.
For example, an optical system that Is capable of performing real time correlations and
convolutions is shown schematically in Figure 33 (52). A similar system configuration that
allows implementation of image edge enhancement is shown schematically in Figure 34 (55).
In this latter application, use is made of the nonlinear dependence of the diffraction
efficiency on the modulation index of the two writing beams by adjusting the reference beam
intensity to lie between the bright and dark object Intensity levels to enhance the S
diffraction efficiency in the transition regions where the modulation index approaches
unity. A second notable feature of photorefractive materials is extremely high resolution,
as depicted graphically in Figure 35. The marked dependence of the amplitude modulation
function on the magnitude of the applied field (see Figure 35) allows the possibility of
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Fiur 32 Schematic explanation of the rir 3 Real time degenerate four-wave
photorefractive effect. (After Kim, iing convolution/correlation geometry.
Ref. S6). All input optical fields are at frequency

w. The beam splitter (BS) is necessary
to view the desired output, 23, which is
evaluated at a plane located a distance
f from lens L. (After Pepper,Ref. 52).
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refractive effect in BaT1O3- Writing graphic storage in Bi 12 S1020. (After
beams with intensities I and I (ordinary Huignard, Ref. 57).
polarization) and readin4 beam 9ith
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crystal. (After Feinberg, Ref. 55).
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achieving spatial light modulation with essentially flat MTF characteristics out to spatial
* frequencies in excess of 1000 line pairs/mm.

VI. Future Directions for Research

In this concluding section, a number of potentially profitable directions for research
are presented in addition to those indicated In preceeding sections. Research on the
fundamental physical limitations of each candidate spatial light modulator technology is
critical both to optimization of current device design and performance, and to meaningful

* performance comparisons irrespective of current technological limitations. Such comparisons
are essential in the assessment of the ultimate potential of each technological approach.
This research must be broadly extended to include increased efforts in the materials growth,
deposition, processing, and characterization areas, since most of the devices discussed
above have been shown to require relatively unique materials properties simultaneously in
several distinct materials classes (e.g., the liquid crystal light valves require high
resistivity photoconductors, thin film blocking layers, thin film dielectric mirrors, and
appropriate liquid crystals). Very little work to date has been reported on attempts to

* develop high speed spatial light modulators for high frame rate applications. All of the
approaches described above are inherentlye slow and cannot be expected to significantly
exceed TV frame rates. Limited frame rate capability will become a major bottleneck in the
development of advanced real time optical processing systems and subsystems. Research on
the optoelectronic properties of photorefractive materials may yield improvements in both
sensitivity and maximum diffraction efficiency. Realization of such improvements would
result in widespread availability of inexpensive, real time holographic storage and
processing devices. The enormous processing flexibility for linear, nonlinear,
combinatorial logic, and sequential logic point operations inherent in the
intensity-to-spatial frequency conversion process will hopefully stimulate other possible
approaches in addition to that offered by the variable grating mode liquid crystal device.
In the area of real time parallel nonlinear optical processing, strong demand exists for P.,
high quality two-dimensional variable level slice and threshold functions. Although recent
progress in optical bistability has been substantial, most current approaches are either
one-dimensional or even single channel. Many *linear* optical processing operations such as
correlation, convolution, and Fourier plane filtering require some form of threshold at the

* output for eventual system implementation.
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Effects of operating mode on electrooptic spatial light modulator
resolution and sensitivity
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The strikingly opposite dependences of PROM and PRIZ electrooptic spatial light modulator resolution and sensi-
tivity on operating mode have been modeled by including the effects of bulk charge distributions on the longitudi-
nal and transverse fields. It is shown that the relative performance of PROM and PRIZ devices is strongly in- ,
fluenced by the choice of operating mode and by the quality of the dielectric blocking layers. %

Electrooptic spatial light modulators (ESLM's) such addition, the effects of natural optical activity in BSO
as the PROM' and the PRIZ2 have been proposed for on Eq. (1) have been neglected.6

use as incoherent-to-coherent transducers in coherent The dependence of G on the relevant fields can be
optical processors for applications in which both real- readily determined from the electreoptic tensor (123
time operation and image storage are required. Re- symmetry) and crystallographic orientation of the BSO
cently it was reported that, under certain operating crystal for each device:
conditions, the PRIZ can have substantially larger dif- = V( y)/2V, (PROM)
fraction efficiency and enhanced resolution relative to G(x,y) - 2)

C the PROM.3 In this Letter we show that specification I-VT(xy)/i/IV. ((11) PRIZ)
of operating mode is vital in any device comparison
because of its strikingly strong and opposite effects on where

the two devices. d
ESLM's can be classified into two categories: those VL.T(XY) ELT(X, y, Z)dZ. (3)

devices that utilize an electrooptic effect induced by Tf)
* longitudinal fields parallel to the direction of readout

light propagation and those devices that utilize transverse field by ET(X, y, z), and the BSO thickness
transverse fields perpendicular to the light-propagation by d; V. is the (001) half-wave voltage of Bi 2 SiO20 .
direction. These fields arise from charge distributions The generalized voltages VL and VT have units of volts,
within the electrooptic crystal layer photoinduced by although it should be kept in mind that VT represents
the input image. The PROM and the PRIZ are exam- an integral of transverse fields in the longitudinal di-
ples of longitudinal- and transverse-effect ESLM's, rection.

respectively. These devices utilize bismuth silicon In order to model ESLM resolution and sensitivity

oxide (Bii2SiO 2o, BSO) as the electrooptic and photo- for various mes, necessary first to e-
conductive medium in which the charge distribution is riv the generalized voltages VL (x, y) and VT(x, y) for I"

induced. The BSO crystal layer is positioned between the case of a single point charge in the BSO crystal bulk.

two transparent dielectric blocking layeirs, with trans- Solutions of Poisson's equation for a point charge 1o-
parent electrodes deposited on both sides of the device. cated at an arbitrary position within a three-layer di- _The two devices differ in the crystallographic orienta- electric stack have been obtained by a Hankel transform
tion of the BSO layer, which determines those compo- technique that takes advantage of the cylindrical sym- I

nents of the electric field that contribute to the elec- metry of the problem.7 This results in analytic ex-
trooptic effect. The PROM utilizes a (001) orienta- pressions for the transfer functions VL(; ) and VT(o;

tion' and the PRIZ a (111) or a (110) orientation.2 .3  ) the Hankel (Fourier) transforms of the single-.1point-charge voltages VT(x, y; t) and VL (x, y; t)], where 1%The amplitude of a plane wave that has passed pon-hrevlagsV:];~ n V~~;~J hr
The amplitu te d plbetween crossed polarizers w is the radial spatial frequency and t is the z coordinate

through an ESLM situated principla es of the point charge.7A The advantage of this approachoriented to bisect the induced principal axes is given is that the ESLM response at all spatial frequencies can
by4  immediately be calculated as a function of point charge

A(x,y) - iA0 sin G(x,y), (1) position and device constitutive parameters (thick- "
nesses and dielectric constants of the layers). Once the

where G(x, y) is one half of the spatially varying bire- charge distribution is known, the ESLM response for 0
fringence induced by the input image, A0 is the readout continuous charge distributions can be determined by
light amplitude, and (x, y) are image coordinates in the taking advantage of the linearity of Poisson's equation
plane transverse to the light-propagation direction z. and integrating through the BSO crystal thickness,
A phase factor that is present in the PRIZ case has been using the single-point-charge solution as a Green's
suppressed in Eq. (1). This factor can have an impor- function. The ESLM response as a function of spatial
tant deleterious influence on PRIZ performance.5 In frequency is then determined by
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S..the electric field configuration around a point charge
in the BSO crystal bulk, as illustrated for both Case A

V. . and Case B in Fig. 2. The longitudinal field compo-
VL "nents have opposite values on opposite sides of the
V, charge in Case B; hence they cancel, resulting in a VL()

'der. identically equal to zero, as compared with nonzero
values in Case A. The transverse field components, on

0 the other hand, have equal values on opposite sides of
the charge in Case B, resulting in a larger VT(w) than

I II o roin Case A. Since the PROM and the PRIZ spatial-
IT Ifrequency responses are described by VL(o) and VT(c,),

respectively, the charge distribution that results inII 4II ~optimum resolution and sensitivity is quite different forg ! the two devices.

It cannot be concluded, however, that the PRIZ is
... ."d ,necessarily more sensitive than the PROM by consid-

1 10 ering only one charge. Realistic charge distributions
Fig.1.enerlz lepoit-g vconsist of electrons and positively charged traps or

Fig. 1. Generalized single-point-charge voltage transfer holes, which are photoinduced in pairs, resulting in
functions for two charge positions, 0 pm (Case A) and 250 pm equal numbers of each. In order to model the effects
(Case B) from the BSO-crystal surface. Blocking layer and of charge conservation on the relative sensitivities of the
BSO thicknesses are assumed to be 5 and 500 pm, respec-tively. PROM and the PRIZ, V/.Mo and VT(M have been0N

plotted in Fig. 3 for two distinct charge distributions,

each consisting of a positive and a negative charge. The
device parameters are identical with those of Fig. 1. In

irVL()/2 V. (PROM) Case C the charge distribution is symmetric, consisting
G(W) - [irVT(w)//V. ((ll) PRIZ) (4) of a negative charge at one BSO-crystal-blocking-layer

interface and a positive charge at the opposite interface.
where This charge distribution models the forward-operating

id mode in which the illuminated electrode is maintained
VLT(CO) = VLT((O; z)p(z)dz. (5) at a negative potential during exposure so that electrons

are transported in the direction of light propagation into
* The longitudinal charge density induced by the input the BSO-crystal bulk until they reach the far interface.

exposure is represented by p(z). The resolution and the In Case D the charge distribution is asymmetric, con-
sensitivity of the ESLM [as described by G(w)] are sisting of a positive charge at one interface and a nega-
strongly influenced by p(z), which is in turn determined tive charge in the center of the device. This charge
by the sign and the magnitude of the applied field distribution models the reverse mode, in which the il-
(collectively referred to as the operating mode) as well luminated electrode is maintained at a positive potential
as by a number of device, material, and exposure pa- during exposure so that electron transport is oppositeO rameters. The effects of p(z) on PROM and PRIZ the light-propagation direction, confining electrons near
resolution and sensitivity can be envisaged by consid- the illuminated electrode.
ering cases in which p(z) consists of one or two point Again it is evident that the PRIZ se -isitivity depen-
charges, i.e., one electron or an electron-hole pair. The dence on charge position is opposite that of the PROM.
discussion can then be extended to include a continuous The largest PROM sensitivity is achieved for symmetric
charge distribution by using Eq. (5). charge distributions, as in Case C, in which oppositely

4 In Fig. 1, VL(w) and VT(w) have been plotted for a signed charges are fully separated; whereas the PRIZ
single point charge at two different locations in the BSO
crystal. The device is assumed to consist of a 500-
im-thick BSO crystal with 5-pm-thick dielectric K 1"I
blocking layers (e. - 56, ebi - 3). Note the bandpassnature of Vr(t0) caused by the lack of transverse-field A. C.
excitation from uniform components of the input image.

6 In Case A the point charge is at the BSO-blocking-layer
interface, whereas in Case B the point charge is placed
in the center of the BSO-crystal layer. It is evident L.,
that, for a single point cArge on the interface, VL (w)
and VT(w) are asymptotically equal for high spatial
frequencies, although according to Eq. (4) the PRIZ

41 response is actually a factor of 2/V'6 smaller than the B. D.
PROM when VL(w) - VT(h). The PROM response
drops precipitously relative to that of the PRIZ as the
single point charge moves into the BSO crystal bulk. Fig. 2. Schematic diagrams of the electric field configura-
This can be explained by considering the symmetry of tions for the charge distributions of Figs. I and 3.

W P_ I
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are present. The high-spatial-frequency limit of
VL (W),7.1 on the other hand, is strongly dependent on
charge position; therefore PROM high spatial

... - -frequencies are not attenuated by charge conservation.
.- - .,The quality of the dielectric blocking layers directly

'"- , . affects charge conservation in the PROM and the PRIZ
- and, consequently, the relative performances of the two

devices. Poor-quality blocking layers that allow elec-
S ".trons to bleed away from the BSO-blocking-layer in-

% terface enhance the PRIZ response and degrade the
-, V,.1 %, PROM response, resulting in larger PRIZ diffraction

efficiencies relative to those of the PROM.3 Such leaky
blocking layers result in relatively short storage times

o --- II of a few minutes.3

We have demonstrated in this Letter the strong de-
S,, , ........ , .. pendence of ESLM sensitivity and resolution on the

SPATIAL 1 w) operating mode used. The PROM and the PRIZ show i
3 ~essentially opposite dependences, making specification j~

Fig.3. Generalized voltage-transfer functions for p(z) con- e oping depmndatryfo maing eice
sisting of two opposite point charges. Values for two charge of the operating mode mandatory for meaningful device

distributions corresponding to forward (Case C) and reverse comparisons. Decreasing the dielectric blocking layer

(Case D) operating modes are shown. Device parameters are quality was found to be beneficial for PRIZ resolution
* unchanged from those of Fig. 1. Charge positions are given and sensitivity but detrimental for those of the PROM.

in the text. The effects of orientation on ESLM phase distortions I.
will be reported separately,5 as will conditions for op-
timum operating modes of both types of device.9.2

C sensitivity is identically zero for the same charge dis- This research was supported in part by the U.S. Army
tributions. This is seen to be physically reasonable on Research Office and the Joint Services Electronics
consideration of the electric field configuration for a Program.
symmetric charge distribution consisting of oppositely
signed charges, as illustrated in Fig. 2. The transverse References
field components cancel on integration through the
bulk, resulting in zero PRIZ response, whereas the 1. B. A. Horwits and F. J. Corbett, Opt. Eng. 17, 353

* longitudinal field components add, enhancing the (1978).
PROM response. Asymmetric charge distributions, as 2. M. P. Petrov et ai., Soy. Phys. Tech. Phys. 25, 752
in Case D, increase the PRIZ response and decrease the (1980).

PROM response, again because the transverse fields 3. D. Casasent, F. Caimi, and A. Khomenko, Appl. Opt. 20,
4215 (1981).

have the same sign and the longitudinal fields have 4. !& A. Sprague and P. Nisenson, Opt. Eng. 17, 256
opposite signs on opposite sides of a point charge. (1981).

* These considerations show that PROM and PRIZ sen- 5. Y. Owechko and A. R. Tanguay, Jr., "Effects of crystal-
sitivity and resolution will in general be optimized for lographic orientation on electrooptic spatial light modu-
quite different operating modes and resultant charge lator amplitude and phase responses," submitted to Opt.
distributions. Comparison of these two quite different Commun.
devices under conditions of identical operating mode 6. A. R. Tanguay, Jr., Ph.D. Thesis (Yale University, New
will necessarily favor one over the other. The effects Haven, Conn., 1977).
of continuous charge distributions have been modeled 7. Y. OWechk° andA. R. Tanguay, Jr., Proc. Soc. Photo-Opt.

by using Eq. (5) and an iterative charge-transport Istrm.h Eng. 202, 110 (1979).

model'9 The essential results presented here are un - S. Y. Owechko and A. R. Tanguay, Jr., "Theoretical reso-
chaned in the continlrsuous casend haddi are lution limitations of electrooptic spatial light modulators.
changed in the continuous case and in addition are II: Effects of crystallographic orientation," submitted
confirmed by experiment.' to J. Opt. Soc. Am.

Another factor that will favor one device over the 9. Y. Owechko and A. R. Tanguay, Jr., "Theoretical reso-
other in terms of resolution and sensitivity is charge lution limitations of electrooptic spatial light modulators.
conservation. If overall charge neutrality is maintained III: Effects of continuous charge distributions," sub-
so that equal numbers of positive and negative charges mitted to J. Opt. Soc. Am.
are present in the BSO layer, then the PROM response 10. Y. Owechko and A. R. Tanguay, Jr., Proc. Soc. Photo-Opt.
will be enhanced relative to that of the PRIZ, as is evi- Instrum. Eng. 218,67 (1980).

dent from Fig. 3. However, if unequal numbers of 11. Y. Owechko and A. R. Tanguay, Jr., "Theoretical reso-
positive and negative charges are present, the PRIZ lution limitations of electrooptic spatial light modulators.

I: Fundamental considerations," submitted to J. Opt.
response will be enhanced relative to that of the PROM, Soc. Am.
as illustrated in Fig. 1. The high-spatial-frequency 12. Y. Owechko and A. R. Tanguay, Jr., "Theoretical reso-
limit of VT(c.) is independent of charge positions; lution limitations of electrooptic spatial light modulators.
therefore PRIZ high spatial frequencies are greatly at- IV: Effects of operational mode," submitted to J. Opt.
tenuated if equal numbers of oppositely signed charges Soc. Am.
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EFFECTS OF CRYSTALLOGRAPHIC ORIENTATION ON ELECTROOPTIC
SPATIAL LIGHT MODULATOR AMPLITUDE AND PHASE RESPONSES

Y. OWECHKO and A.R. TANGUAY, Jr.
Drerwtns of ElerifmW EqIIEIaverf MW erwwa Science.Vi/yersot of Slwthm Caftlom, Los Ansolo CA 90089. USA4

Receve 4October 1982

The effects of aystallopaphi orintation an output amplitude and simnAWdpenant phase distortions in ehetrooptic
spatial light moduletor such as the PROM and PRIZ ase described.

Real time coherent optical procesuing systems put image. The effects of volume charge distribu.
often utilize Electrooptic Spatial Light Modulators dons on the development of electric field compo.
(ESLM's) as input transducers for converting incohe, nents in the PROM and PRIZ have been discussed
rent input imases Into coherent form. In evaluating previously [3).

the suitability of an ESLM for a particular applica- The output amplitude A of an ESLM situated
I' don, the amplitd and phas respom are among between crossed polarizers with the input polariza.

numerous device characteristics that must be con- tion oriented to bisect the induced principal etec-
sidered. In this paper the effects of crystallographic trooptic axes can be calculated using the Jones ma-
orientation on ESLM amplitude and stgnal-depen- trix formalism in the principal axis coordinate sys-
dent phase responses are described in detail, tern (neglecting the natural optical activity of BSO)

The PROM III and PRIZ [2) spatial light modu- s
lator are examples of ESLM's. These devices consist eiot 0 I

of an electrooptic and photoconductive crystal A -I'A0 (l -l)( 1
(bismuth silicon oxide: the chemical compound " - e e  I
B 12 SIO20 (BSO)) sandwiched between two trans.

parent dielectric blocking layers. Tramparent elec- = IA0 a* sin(G) (I)
trodes contact opposite faces of each device. The

. PROM utilizes a (001) orientation of the electrooptic where the retardation G a (01 - %42)/2 Is one half
crystal, and the PRIZ either (I 11) or (110). The in- of the phase difference induced between the two
coherent input impe Is recorded during exposure as principal axes and* - (01 + 02)/2 is the ESLII
a photoinduced charge distribution in the photocon- phase response. The phase shifts along the principal
ductive BSO layer. The electric fields arising from axes induced by the electric fields are given by 0, and

(. the charg redistribution induce modulation of the 02, and A0 represents the readout light amplitude.
refractive indices along principal axes in the BSO The output amplitude is directly proportional to G
crystal through the linear electrooptic (Pockels) ef- for small signal amplitudes such that G 4 1.
fect. The crystallographic orientation and electro. It Is clear from eq. (1) that foran arbitrary crys-
optic tensor (123 symmetry) of BSO determine taUoraphic orientation (such that 01 -4 -02). the

* which components of the electric field contribute output amplitude image can be multiplied by a phase
I ( to the electrooptic effect and hence to the point imale. This signaldependent pliase distortion can in-

spread function (amplitude and phase) of the out- crease the device harmonic distortion in applications

0 030-401818310000-OOOIS 03.00 0 1983 North-Holland 239
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,llo,)

0.3.111 ,

Fg. 2. Magnitude of retardation G; induced by dh. three ortho.
i'Fig 1. Orientations of longitudInal and transvers electric gonsl flid components df'ned in fI. i as a function of crys-
Sfields, and their respective induced principal axes, for tallorahic orienation. The value of CG gs iven an units of
" Bi12SiO'/o (123 symmetry). The longitudinal f'eld (EL) and eFr/Vs where. -1. , Ti, or T2; the quantiies rVL, VTi, and
iq (  ~~one transvers f id (/ T )induce the same set of principal T ag d fu ed i th te .

a &es (open wows), while the other transverse field (EnT) in " iaedfne nth et
. .. duces a set of principal axes rotated by 4S° (dashed wrows). (2

;% -for wibich pure amplitude modulation is desirable, as in fip. 2 and 3, V, a )./2n~r41 is the hUf wave
'"will be shown below. The quantities 4) and C can be voltage for B8O0in the (001) orientation, where X

* induced by electric fiuelds longitudinal or Itrne is the readout wavelength, no is the refractive index
to the light propagation direction or a mixture of of BSO, and '41 s the 350 electrooptic coefficient. p
both, depending on the crystadllgraphic orientation. For ) 632.8 nun, V~r "3900 V [41. It is assumed
ig. ! illustrates the orientation and labeling of the that the input polarization is oriented to bisect the

-'longitudinal (EL) and tranvere (ETI ,E£1) fields principal axes induced by the relevant field compo-with respect to the lght propatin direction for nent.
~crystaniogrphic orientations between (001) and (110).

The modified Miler notation (117) is used to repre. .
* sent the crystallographic orientation, where ? . 4eS

corresponds to (001) and 7 0 corresponds to (110). .
This rngep of orientatins was chosen from the many l1l

c possible as representative of the expected effects, ando,

.4.

because both the PROM ((001)) and PR1 ((s1 !),

*(1 10)) cases are included. The principal axes induced ,---*-
. ~by the fields£L,ET, andf£T2 are also indicated in I. .- q+

FigPlots of G andG induced by each of the three .h
F 1 ortho tonal field components as functions of the crys-

.' tafloraphic orientation between (001) and (11l0) o o a ) o o s
,- are shown In figs. 2 and 3. The principal axes and the ,o0e. a,. ,10,
". phase shifts*41 and (2 were obtained by diagonaliza- *Iaueqm)t. ion of the index ellipsoid cross section normal to the Fg. 3. Masnitude of phee * Induced by the three orthogonal

dbec ionof lshtpro apti n (117) . T e aslefield u components dfined in f g 1 as a function of crystallo-
,Afilds.adtheir rpgtioin ((117)).cTal e foraphi orientation. The value ofe is given in units of vrrV,twee the (001) axis and the crystallographic orients, where n L T I. or T2; the quantities VLy and VT an.
n tion (1)s related to 7 by defined In the text.

a. 240
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Table I
Values of G and * for three orthogonal ields and three crystallographic orientations ued in the PROM and PRIZ. The genealiied.
voltages VL. VTI, and VT2 ae derined in the tejxt.

BSO (001) (111) (110"
orientation (PROM) (PRIZ) (PRIZ)

Field orientation EL T TEI EL ET E 2  EL E. ETI
(001) di0) (110) (111) (110 (11 ) (110 (110) (0o-

WV -VTI '
sso 0 0 0 0 0 0 0 T4

Sigal 9o 0 q~0 9 4 !1

qo1V, 7jeval 2Vv 4V1,

It is apparent from figs. 2 and 3 that in the PROM cy c42r and wave vector parallel to the ET, direc.
((110) orientation) no phase distortion is caused by tion exposes the PRIZ, generating related sinusoidal
any of the field components. In addition, only the distributions of the longitudinal field EL and the
longitudinal field EL contributes to G. On the other transverse field ETI. The polarizer and analyzer are
hand, phase distortions do exist for both PRIZ orien. assumed crossed, and in addition oriented to bisect
tations (( 11) and (110)). Such phase distortions are the principal electrooptic axes induced by these fields
caused by the transverse field ETI in the (110) orien. a shown in fig. 1. According to table 1, G and 0 are
tation, while in the (11) orientation the longitudinal given by -

field EL is reponsible. In both PRIZ orientations, (V (4)
contributions to the amplitude image through G are
made only by the transverse fields, which leads to
the suppression of zero spatial frequency components 0(k) -rL12V.) sin(,-w)) (5)

[21. Thes results for the PROM and PRIZ are sum- where an unimportant constant term in the phase has
0 marlzed in table 1. In table 1, the generalized voltages been suppressed and nonlinear sensitometry effects

VL, VTI, and VT2 are given by (61 have been neglected. The maxima of 0x) are
shifted by r/2 relative to G(x) because by symmetry

d the tnnsvem fields are strongest midway between
Ve of Eat d, the input exposure maxima and minima while the

longitudinal fields are strongest at the maxima. The
PRIZ first and second order diffraction effliciencies

-L, T2,TI (3) can be found by fint expanding eq. (1) using a small
where d Is the BSO crystal thickness. The above ex- signal approximation
pressions are longitudinal integrals of the field com- A-(
ponents through the BSO and have units of volts. A an i40(1 + 10)G, (6)

One approach to analyzing the effects of the signal- and, since the far field diffracted amplitude is the
dependent phase 0 of the PRIZ is to consider the Fourier transform of eq. (1), by extracting the funda-
second harmonic distortion (SHD) of the device for mental and harmonic frequency components. The
a sinusoidal input distribution. The SHD is readily first and second order PRIZ diffraction efficiencies
calculated as the square root of the ratio of second are given by
to first order diffraction efficiencies 1S]. Using the (7)

4L (I 11) PRIZ a a specific example, it is assumed that ql u(1rVI26V.) 2 7
a sinusoidal intensity distribution of spatial frequen. 2 (2 VTI VL/24.- V) 2 . (8)

241
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the PRIZ SHD due to the phase contribution is there- This research was supported in part by the Army
fore given by Research Office and the Joint Services Electronics
SHD U ( t) ! = irVLI4~V=.  (9) Program. The authors are pleased to acknowledge

S0127101/2 EL4-A VWmany stimulating conversations with Professor Car.

In the ( 1l) PRIZ, the first order diffraction effi. dinal Warde, including a critical reading of the manu.
ciency is determined by the transverse fields, while script.
the longitudinal fields contribute to the SHD. Operat-
ing modes and exposure parameters that result in
large longitudinal fields will increase 0, resulting in Reference
large contributions to the SHD. For example, an ex.
posure that results in VL equal to 1000 V induces a II B.A. Hotwiz and FJ. Corbett, Opt. En. 17 (1978)
SHD of 12%. It should be noted here that in addi. 353.
tion to the phase effects, pronounced nonlinear 121 M.. Pem,, Vi. Marakhenov, M.G. Shlya&. A.V.

Khomenko and M.V. Krasin'kova Soy. Phys. Tech.
sensitometry characteristics also contribute to the LP 25 (1980) 752.
SHD in the PRIZ (6].. 131 Y. Owechlo and A.R. Taquay, Jr., Optics Letters, in

In conclusion, it has been shown that the effects pre(1982).
of all field components must be considered in evaluat- 141 LL Aldrick S.L Hou and M.L Harviil, . AppL Phys.

ing the amplitude and phase responses of electrooptic [ 42(1971) 493.

spatial light modulators. In the U111) PRIZ, for 151 D. Casasiet, Apl. Optics 18 (1979) 2445.
(61 Y. Oweehk@ and A.R. Tanguay. Jr., Effects of crystaIo-

example, the transverse fields modulate the output giraphic orentatim mon electrooplic yatial light modula-
amplitude while the longitudinal fields modulate the tot linarity, to be published.
phase. Such signadependent phase nonuniformities 171 W.M. Gopfert and A.A. Read, Proc. Soc. Photo-Opt.

should be taken Into consideration in evaluating Insttum. E.ns. 83 (1976) 146.
(81 Y. Owechko and A.R. Tanguay, Jr., Theoretical reaole.

ESLM's for applications in which phase response is tion limitatiom of electtooptic spatiat light modulators.
important [5]. For example, the signal-dependent 1: Fundamental considerations, submitted to Journal
phase distortion could be used to increase the signal. of the Optical Society of America.
to-noise ratio in an optical correlator [7]. Such phase (91 Y. Owechko aid A.R. Tansuay, Jr, Theoretical resolu-
distortions would be detrimental, however, in cohe- tion lmltations of electrnoptic spatial Ifght modulators.de: Effects of caystallographic orientation, submitted to
rent optical processing applications whe. distortions Journal of the Optical Society of America.
in the Fourier plane cannot be tolerated, as in Fourier (101 Y. Owechko and A.R. Tarouay. Jr.. Theoretical resolu-
plane filtering .  tion limitations of electrooptle spatial light modulators.

The PRIZ also possesses additional phase effects Il: Effects of continuous chague dislributions. to be

apart from those described herein which arise from
the symmetry properties of its point spread function. tion imitation of eletreapta spatial iht modulator
These effects can result in asymmetries in the PRIZ IV: Effects of opertional mode, to be published.
imaging properties. A full analysis will be published
elsewhere (8-11."
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Theoretical resolution limitations of electrooptic spatial light
* modulators. I. Fundamental considerations
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The sensitivity and resolution of elect rooptic spatial light modulators (ESLM's) such as the Pockels Readout Opti-
cal Modulator (PROM) and Micruchannel Spatial Light Modulator (MSLM) are shown to be functions of the po-
tential distribution arising from charges located within the active electrooptic-crystal layer. The Fourier trans.
form of the potential distribution (which can be directly related to the modulation transfer function) is derived as
a function of the charge location within the electrooptic crystal. The resultant analytic expression in addition ex-
hibits the dependence of sensitivity and resolution on the dielectric constants of the blocking layers and electroopt-
ic crystal and on the thicknesses of the three layers. It is shown that the overall sensitivity and resolution are af-
fected strongly by charge storage in the bulk away from the electrooptic-crystal/dielectric-blocking-layer inter-
faces. In particular, the effects of various operating modes can be qualitatively explained by utilizing superposi-
tion to calculate the potential distribution for a positive-negative charge pair located at various positions in the
electrooptic crystal. The implications of these results for device design and operation are discussed.

1. INTRODUCTION suming a sinusoidal charge distribution at the interface be-
tween the two layers. These previous analyses of resolution

An important component of numerous proposed real-time effects in layered electrostatic structures share a common
coherent optical-processing systems is an input device for limitation in that the charge distribution is confined to the
performing incoherent-to-coherent conversion of data at a rate interface between a dielectric layer and the electrooptic

* high enough to take advantage of the inherent parallelism of crystal. Because of the nature of the charge-pattern gener-
the processor. Electrooptic spatial light modulators ating process in numerous applications of ESLM's, however
(ESLM's), such as the Pockels Readout Optical Modulator (notably in the cases of the PROM and PRIZ and for the ap-
(PROM),' PRIZ,2-' TITUS,5 PHOTOTITUS,6 and the Mi- plications involving x-ray exposure and high-energy elec-
crochannel Spatial Light Modulator (MSLM), have been tron-beam excitation), the resultant charge distribution ex-
proposed as such input devices and have been described in tends throughout the bulk of the electrooptic-crystal layer.
several review papers.5 9 ESLM's record two-dimensional Petrov et al. 2.15 have investigated the effects of bulk charge
image information as exposure-dependent charge distribu- distributions by calculating the PROM and PRIZ responses
tions, which induce electric fields within an active electroop- for a charge density that is distributed in a step function near
tic-crystal layer. The induced electric fields in turn modulate the electrooptic-crystal surface. Such a distribution, however,
polarized readout light through the electrooptic effect. The cannot take into account the presence of oppositely signed
charge distributions can be induced by intensity modulation charges, the effects of operating mode, and the attenuated
of light incident on a photoconductive layer,' by direct elec- absorption of the incident writing illumination. The strik-
tron-beam charge deposition,' 0 or by x-ray exposure. t Both ingly different resolutions and sensitivities obtained for dif-
longitudinal and transverse electric-field components can be ferent operating modes, such as forward, reverse, and super-
sensed in readout. In this paper, the resolution and sensitivity prime,16 are caused by substantial differences in the bulk
of ESLM's that utilize the longitudinal electrooptic effect will charge distributions associated with each operating mode.
be analyzed. Resolution, sensitivity, and phase effects in In this paper, a more complete point-charge model is de-
transverse-effect ESLM's will be described separately. 2  veloped; this model includes the effects of charge trapping

The resolution of an ESLNI is, in general, limited by elec- within the bulk of the electrooptic crystal as well as the geo-
tric-field spreading within the active electrooptic-crystal layer. metric and material properties of the ESLM. The model is
To describe the resolution and sensitivity of an ESLM, it is also generalized to a full three-layer dielectric structure con-
necessary to determine the transfer process between the sifting of an electrooptic crystal between two blocking layers;
image-induced charge distribution and the resultant field such a structure is representative of a number of current
distribution. This process is modeled herein as a space-in- ESLM configurations The contribution of single point
variant linear system that is characterized by a transfer charges to the sensiti-ty and resolution of ESLM's is shown
function. A method for calculating the transfer function of to be dramatically dependent on the separation of the point
a multilayered structure by introducing a single point charge charge from the elect rooptic-crystal/dielectric-blocking-layer
at an interface was develped by Krittman.1:1 Roach" de- interface. The solutions for single point charges in numerous "
rived an expression for the transfer function of an ESLM that configurations are shown to illustrate the fundamental %
has a two-layer structure consisting of an isotropic dielectric physical origins of observed device performance, including the
layer and a dielectrically anisotropic electrooptic crystal, as- dependence on operating mode'- and on crystallographic

tT44,.:l2:l2/$141/)t653%O9.)2.0 c 19s4 Optical society of America .
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orientation.18 By utilizing the principle of superposition, the dielectric relaxation time of BSO is unusually large (several

solution for a charge distribution consisting of a positive- thousand seconds), the electron distribution subsequent to
negative charge pair is used to explain the increased resolution exposure is trapped in the bulk, resulting in storage of the
obtained in the PROM by employing the superprime mode. image. The resultant field distribution induces a birefrin-

* The model will be extended to continuous longitudinal charge gence (through the linear longitudinal electrooptic effect),
* distributions in succeeding papers in this series by using the which alters the polarization of linearly polarized readout light ,

single-point-charge solution, derived here as a Green's func- oriented to bisect the principal birefringent axes. The ex-
tion. Such distributions are obtained from iterative charge- posure-induced polarization produces an image-modulated
transport models that depend on numerous device and ma- amplitude when viewed through a crossed analyzer (as used
terial parameters and as such are not as generally applicable in a typical optical-processing application requiring an am-
as the results described herein. plitude image; other applications -may be optimized for phase

modulation by utilizing parallel polarizer/analyzer combi-
nations). Since, for the purposes of light propagation, an

2. THEORETICAL DEVELOPMENT ESLM may be considered to be optically thin!"' (in other
' words, diffraction within the ESLM can be ignored), the

The PROM will be used as a specific example of an ESLM
that utilizes the longitudinal electrooptic effect in the fol- readout amplitude transmitted through a PROM situated

* lowing derivation. It is instructive to compare the resultant between crossed polarizers may be expressed as'

characteristics with those of the PRIZ, a transverse-effect [W V(x, y).()
device that is structurally identical to the PROM except for I 2V , J
the crystallographic orientation of the electrooptic crystal. where Ao is the incident readout-light amplitude (appro-
Such a comparison is treated in the second paper of this se- priately corrected for interface -reflection losses); V, 

riS12tiess if2n 0
3r 4I is the longitudinal half-wave voltage of BSO in the

A schematic diagram of a typical PROM structure is shown (001) orientation, where X is the wavelength of the readout
in Fig. 1. The device consists of a photoconductive elec- lgt oi h ercieidxo Sadrli h lc
trooptic crystal (Bi. 2SiO20, or BSO; dielectric constant e = light, no is the refractive index of BSO, and r41 is the elec-P

trooptic coefficient of BSO; and VL(x,y) is the voltage across
56)the BSO layer at image coordinates (x, y). It should be noted
two thin, transparent dielectric blocking layers. The blocking the abe epr initis asm tat h e ed

layrs ypiall cosis ofparlee (ielctrc cnstnt b fi that in the above expression it is assumed that the readout .,
layers typically consist of parylene (dielectric constant em

wavelength and intensity are chosen such that insignificant "S 3)1 and are coated with transparent electrodes. The orien- ''1

* tation of the BSO-crystal layer ensures that only longitudi- photoconductive charge redistribution occurs and that the
effects of natural optical activity in BSO may be neglected. 2 iZ-

na-field components contribute to the electrooptic effect Thus the output amplitude is a monotonic function of the
(Appendix A). input intensity (for applied voltages less than the half-wave

In the simplest mode of PROM operation,i a voltage (typ- voltage). Such a transfer relationship is desirable for inco-
ically 2000 V) is applied to the electrodes and is divided among herent-to-coherent conversion in optical-signal-processing
the three layers in inverse proportion to the capacitance of operations.23

* each layer. Since the electrooptic crystal is also photocon- The mapping of the input exposure into the output am-

ductive, illumination from the negative electrode side with plitude can be described by the cascaded transformations

image-modulated light at a photosensitive wavelength causes shown in Fig. 2. In this paper, we are modeling the trans-fr to

charge generation at a rate proportional to the incident in- formation from the induced charge distribution to the voltage
tensity at each spatial location. The generated charges then distribution as a space-invariant linear system with a well-
separate in the applied field (by electron drift into the bulk, defined transfer function that describes the effects of the ''

since holes are relatively immobile in BSO'9 ), giving rise to syein thser tifrnc domarin.es Ane afcs pt
a rducionin oltge cros he lecrooticcrytalin he system in the spatial-frequency domain.3 s An assumption

reduction in voltage across the elctrooptic crystal in the that is implicit in the transfer-function treatment of ESLM
illuminated regions. Since in the absence of illumination the resolution is that the resolution is limited by field fringing

TRNPA Teffects and not by transverse drift or diffusion of the input I,..... .. TRfANSPARIENT %

ELECTROOPTIC ELECTRODES exposure-induced charge distribution p(x, y, z) (both of which
CRYSTAL
LAYER are inherently nonlinear processes).

From the nature of Eq. (1), it can be seen that the resolution
of an ESLM depends directly on the relationship between a
periodic variation in the writing exposure and the resultant
spatial modulation of the voltage across the electrooptic

crystal. The voltage VL(x, y) will be a function of the di-
electric constants and thicknesses of the electrooptic and
blocking layers, the longitudinal locations of electrons and

4L positive charges resulting from the writing process, and the
spatial frequency of the charge (writing intensity) modulation
in the transverse (x, y) plane. To describe the sensitivity and -a@LCI resolution of the device, we seek to derive the dependence of

LAYERS each Fourier component of VL(x, y) on the corresponding
1. Typical PROM structure and coordinate system used in Fourier component of the transverse charge distribution as

derivation of V5.(a 1). a function of the device parameters and the longitudinal
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E a V )V~.Y boundary conditions that result from charge singularities are
" I ~1(in,7)h~p(~)t v (a,Y) sIN i }I automatically removed in Fourier space.

The real-space potential difference VL(p; E) must satisfy

- INPUT INDUCED ELECTRIC FIELD OUTPUT Laplace's equation in all four regions depicted in Fig. 3, and
-* EO E DISTRIBUTION DISTRIBUTION it must also satisfy the boundary conditions at both electrodes,

at both electrooptic-crystal/blocking-layer interfaces, and at
Fig. 2. Transformation of input exposure to output amplitude in the plane defined by the location of the point charge (z = -t).
electrooptic spatial light modulators. Once VL(p; k) is determined, VL(; t) is easily found by ex-

charge distribution. This dependence is described by the tracting the kernel of the Hankel transform, as shown ex-

voltage transfer function VL (w). As shown in linear systems plicitly in Appendix B with the following result:
* theory,23 the transfer function of a linear system is the Fourier(

transform of the impulse response. In this case, the impulse sinhlw(a - d)]

response corresponds to the voltage distribution arising from VL(W.; ) f  
- coth[w(b - E)]

a delta-function input exposure distribution in the transverse o - ) - coth[w(a -)J
dimensions.

If the charges are constrained to the blocking-layer/elec-
- s' trooptic-crystal interfaces, the spatial-frequency dependence + sinh(wb)

O of VL(w) may be obtained by straightforward solution14 of the ! coth[w(a - k)i (5) ,

electrostatic boundary conditions with a surface charge a(x, cosh[w(b - I)l1l coth [w(b )

y, z) given by.%

O(x,y.z) = 0065(z)[1 + cos(wx)], (2) where

where ao is the average value of the surface charge density and a = d + - coth-' - coth(wd 2)
6 6(z) is the unit impulse function. However, since the ab- [ea

, sorption coefficient of the electrooptic crystal is finite and and
since, in addition, the drift length of a photoexcited electron
can be of the order of the typical electrooptic-layer thickness,2 ' o = I coth- fr coth( -(d)I•

4 consideration of charge distributions within the bulk of the w e
electrooptic crystal is necessary to formulate a realistic reso- Note that, as expected, VL(w; t) is a function of the elec-

qr lution model. trooptic-cr)stal thickness d, the dielectric-blocking-layer
The effects of such a bulk charge distribution can be mod- thicknesses d, and d2. and the dielectric constants cm, and fb"

"- eled by considering a single point charge q located at (x, y, z) of the respective layers as well as on the location f of the point
- (0, 0, -k) within the electrooptic-crystal layer as shown in charge. In this calculation both of the electrodes are assumed

* Fig. 3. Determination of the voltage transfer function VL(w; to be grounded.
") resulting from such a point charge is equivalent to calcu- In the special case - d and d, = 0, the problem reduces
lation of the potential difference resulting from a periodic to that of a charge pattern confined to the electrooptic-crys-
charge distribution in the bulk given by tal/dielectric-layer interface of a two-layer device, with

" u(x,y,z) = aoa(z + t)[I + cos(Wx)j (3) q (6~ ~~~V (w; d) e~~ct(0)+e ohw ] (6)

as a function of spatial frequency w. This approach has the weofrpoth(wd) + Eu coth(wd 2)1
. advantage that, once the solution for a single point charge has in agreement with the solution for this case derived previ-

been obtained, the linearity of the Fourier transform may be ously.14 In addition, the above results reduce to the expres-
j utilized to solve multiple-charge cases by summation of sin- sions given by Barrera et al.25 as the blocking-layer thick-

-. gle-charge solutions and continuous-charge distribution cases nesses approach infinity.
by simple integration. The nature of the spatial-frequency dependence of the

The axial symmetry of the problm can be exploited by transfer function VL(w; ) can be more easily appreciated if
transformation to cylindrical coordinates (p. O, z), where (p, the low- and high-spatial-frequency limits are examined.
9) are in the (x, y) plane and z is the longitudinal coordinate, These limiting forms are given by

. |as shown in Fig. 1. Since the problem is invariant with respect
- to the angular coordinate 9, the rectilinear two-dimensional GROUND PLANES
*-" Fourier transform becomes a Hankel transform. The voltage

across the electrooptic crystal can then be written in the K N

form
I - I

VL(P; 4)" VL(w; J)wJo(p)d., (4) Qi

where Jo is the zero-order Bessel function and w is the circular CF C. CM

spatial frequency.23 Exprssing VL(p; t) as a Hankel trans-
form simplifies the calculation since the Hankel transform of
the delta-function charge distribution is a constant. Hence - - - Z-o d,
the difficulties associated with discontinuities in the real-space Fig. 3. Locat ion of point charge q in electrooptic-crystal bulk.
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lira VL(I; ) = q f(di + d2 ) - dd , Before proceeding to a detailed presentation and inter-
u-- V~L~ r.,,,(d I + d) + 'd pretation of the results, it should be pointed out that the un-

) +normalized and normalized transfer functions have direct

urn VL(W; t) - [exp(-wA,) - exp(-wA 2 *), interpretations useful both for comparison of different devicesWOIle +,f-'- and comparison of the effects of different charge distributions
(8) within a given device. In particular, graphs of VL ((a; t) as a

wanT aafunction of w parameterized by different device properties., where A, - d - t and A2 = .The parameters Al and A2

represent the distance of the point charge from each dielec- represent equal exposure conditions (identical charged istri-rersn"h-isac ftepon hrefomec ilc butions), whereas graphs of V/. (w; Z)/V L (0; t) represent op.
tric-blocking-layer/electrooptic-crysta interface. It should
be noted here that the measured diffraction efficiency may timum exposure conditions for each compared device [i.e.,

not decreas, with spatial frequency at the rate predicted by sufficient exposure for each device that VL (w; k) is optimized

the magnitude squared of Eq. (8), as might be expected from in the limit of the low spatial frequencies]. These types of

Eq. (1). This is because Eq. (8) must be used as a Green's comparison are familiar from the case of photographic film,

function and integrated over the actual longitudinal charge for which the typical resolution/sensitivity trade-off forces

distribution. Qualitative trends may, however, be extracted a similar comparison of film properties on the basis of response
from the single-point-charge solution, to either equal exposure or optimum exposure.

* From Eq. (7), it is apparent that the low-spatial-frequency _I'

limit of VL(w; t) depends on the layer thicknesses and di-
electric constants as well as on the charge location. In par-
ticular, if we consider the case of a symmetric device (i.e., a

-. device with two identical blocking layers), VL (w; ) decreases
linearly to the negative of its initial value as the charge posi-

* tion varies from one interface to the other. This is intuitively _.
appealing since zero voltage drop is expected across the elec-
trooptic crystal for a point charge in the center of a symmetric

,: device. The low-frequency response is, in addition, inde-
pendent of spatial frequency.

The high-frequency limiting form of VL (w; t) given in Eq. fe 5

(8) is a function only of the dielectric constants of the layers, >

the spatial frequency, and the distance of the charge from
either of the blocking-layer/electrooptic-crysta interfaces.
Slithe point charge is positioned on either interface, VL (w; f)

* falls off inversely with increasing spatial frequency. For even
.* small separations of the charge from either interface, however,
* the high spatial frequencies will be exponentially attenuated.

Noted that, as in the low-spatial-frequency limit for a sym- to ., ,
metric device, VL(w; ) is zero when the charge is in the center SPATIAL FREOUENCY Ilene pairs/mm)
of the device. Fig. 4. Dependence of transfer function VL(', t) on blocking-layer

The modulation transfer function (MTF) relating the dielectric constant.
output image intensity modulation to the input image in-
tensity modulation may be obtained from the expression14

where the output intensity is given by

I o losin2s f-(- ) 1 -M.M-coslWX) (10) o
V VL(o)

E.50
and where m is the spatial modulation index of the input

*-" charge distribution and VL(O; k) - lim.,-.oVL(w; k). Physi-
* cally, VL(O, ) is the average value in the transverse dimension

of the potential difference across the electrooptic crystal. In o.. f,,"

Eq. (9), I.. and .i. are the values of I for cos('ax) = 1 and
cos(wx)i -1, respectively. From Eq. (10), it can be seen that

SI ( the character of the solution for each case is fully expressed

by VL((A, 1) or VL(W; 1)/VL(0, -). Since the MTF for a given
device will be both exposure (VL(O f)j and modulation (m)
dependent, a more fundamental indication of expected device .0 .... ' . .

performance is obtained by discussion of the unnormalized SPATIAL rEouENcYr 9w,, ./mj

[VL(&,; J)I and normalized VL (W; )/Vj. (0; f)] transfer func- Fig. 5. Dependence of normalized transfer function VL00a; 1)/VLIO.
tions. J) on blocking-layer dielectric constant.
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id F~jfrom the surface into the bulk of the electrooptic crystal. The
high-spatial-frequency amplitude response of a PROM for a
charge distribution confined to the blocking-layer/elec-
trooptic-crystal interface should decrease inversely with

* spatial frequency, as first determined by Roach.'14 Experi-
Clef. 0#,rnmentally measured PROM MTF's, however, decrease with

X" spatial frequency at a faster rate, especially at low exposures.'16
FIn Section 2 it was shown that the high-spatial-frequency I

response decreased exponentially and that the low-spatial-
>0 frequency response decreased linearly with separation of the
- point charge from the interface. This results in the degra-

0 dation of the sensitivity as well as the resolution by movement
of the charge into the electrooptic-crystal bulk, as illustrated

* ids by the graphs of VL(w~; t) and VL(wu; k)/VL(O; E) in Figs. 10 and

_ _ _ _ _ _ _ _ _11. Trapping of charges in the electrooptic-crystal bulk can

1.0 10.0
SPATIAL FREQUENCY (line poiws/mmff) (500)

Fig. 6. Dependence of transfer function VL(wi. ~)on blocking-layer (51
thicknesses. __ _ _ _ _ __b

Ids.'

06.1.0 10.0
SPATIAL FREQUENCY (ine poirs/mm)

Fig. 8. Dependence of transfer function VL (wi; ~)on electrooptic-5
crystal thickness.

SPATIAL FREQUENCY Of"n ""v/.01

Fig. 7. Dependence of normalized transfer function VL(ca; j)/VL(0-

J) on blocking-layer thicknesses. I

3. FEATURES OF THE SOLUTION FOR _ _ _ _ _ _ _ _

* DISCRETE CHARGE DISTRIBUTIONS 1. 00)
(2s)

The dependences of VL (wi; t) and VL (wi; t)/VL (0; J) on the P
*, dielectric constant of the blocking layers are shown in Figs. ,oo (900

4 and 5, respectively, for a symmetric device with the point
(250),

charge on the blocking-layer/electrooptic-crystal interface.451
The layer thicknesses are given in Fig. 1. (Increasing the 0.1

blocking-layer dielectric constant reduces the device sensi-
tivity (Fig. 4) and increases the resolution or high-spatial.
frequency relative response (Fig. 5).] Decreasing the thick-
nesses of the two dielectric blocking layers has a similar effect,
as shown inFigs. 6and?. The resolution and sensitivity also
exthibit the same behavior when the electrooptic-crystal 1.0 1"~
thickness is decreased, as illustrated in Figs. 8Sand 9. SPATIAL FREQUENCY If16.0 P&I.'/mmlt

Perhaps the most interesting behavior of the transfer Fig. 9. Dependence of normalized transfer function 1'&(, V)/VL(O.
function VL(wa; k) occurs when the point charge is displaced 1) on elect rooptic-crystal thickness.
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,. .configuration is a zero-order approximation of an exposure
process in which the incident illumination is characterized by
a large absorption coefficient, so that the positive charge
distribution (which is assumed immobile' 9 ) is constrained to

S.one interface, whereas the electron distribution is forced into
S I the bulk electrooptic layer by the applied field. The resultant

"de charge separation will be a function of the device constitutive
_0" parameters and the voltage across the device during writing

0(operating mode). Because of the assumption of a symmetric
- device, the VL( ) curve for the case of the negative charge at

2 the opposite interface [labeled (0) in Fig. 121 is exactly a factor

II ,150 of 2 larger than the curve in Fig. 10 for a single point charge
' "II qI at an interface, (In a symmetric device, charges of opposite

sign symmetrically placed on opposite sides of the electrooptic

(IOO)

1.0 tot.0
SPATIAL FREQUENCY (hn poesl/mm(

Fig. 10. Dependence of transfer function VL(a; k) on point.charge ("
p o s it io n . , i ( 37- )

Vs, i) P145o) \

.....................................
1.00

1.0 -t110.0
(503 SPATIAL FREOUENCY (line 110 s/m0

Fig. 12. Transfer function VL(W; 1) for asymmetric charge distri.
butions consisting of two point charges of opposite sign.

OAMO)
. . . .._ . . .. I ' . ' "40 " "

1.0 10.0
SPATIAL FREQUENCY (i wis/mm)

Fig. 11. Dependence of normalized transfer function VL(a, f)/VL(O.

f) on point-charge position. v.

therefore explain the measured degradation of PROM MTF's A "- - a %
relative to resolution models that confine the charges to the (4s01

interface.
The solutions for cases involving multiple point charges can (",,1

be obtained by a linear superposition of the solutions for each
separate point charge. In particular, since realistic charge o., , N n
distributions consist of input-exposure-induced positive- 1125 "
negative charge pairs, the effects of such pairs (and the op-
erating modes that generate them) can be modeled if the point
charges are assigned opposite signs. The results of such a
calculation for asymmetric charge configurations within a
symmetric PROM device are shown in Figs. 12 and 13. A Moli
positive point charge is located at one interface (z - -5W0j)m). SPATIAL FREQUE0NC Oime Irs$mop)
and a negative point charge is placed at varying distances from Fig. :3. Normalized transfer function VL( w; E)/VtI0. t) for asym.
the opposite interface. The device parameters are those of metrie charge dixtrilutionst consisting of two point charges of opposite
the typical symmetric PROM shown in Fig. 1. This charge sign.

V. * ~ ' *~ ',Is** *e - ~V .. "? .. . .jV.



98 .

* Y. Owechko and A. R. Tanguav, Jr. VoL 1. No. 6/June 1984/J. Opt. Soc. Am. A 641

charges at the same locations, as shown in the figure. The IF%
nonmonotonic behavior is seen to arise directly from the ex-
ponential attenuation of the high-spatial-frequency compo-
nents of the response contributed by the negative charge.

v ,(' 4. DEVICE IMPLICATIONS
The dependence of the voltage transfer function on the di- ",

.electric constants and thicknesses of the blocking layers and ...
on the thickness of the electrooptic layer (as shown in Figs. ' ,
4-9) indicates that new PROM devices can be envisaged with
MTFs constant to much higher spatial frequencies than are
characteristic of currently available devices. Gains in MTF
behavior that result from the appropriate choice of layer
properties will be accompanied by an overall reduction in
device sensitivity. Such new devices, however, would provide

d significantly improved image fidelity and resolution in ap-
plications for which requirements on device sensitivity can
be relaxed, similar to the familiar trade-off in the case of

..... *e COTISUTION m photographic film. In order to improve PROM resolution,
............ CO4TMUTION T V10 high dielectric constant, high dielectric breakdown strength, %

TOTAL V,64 and high resistivity dielectric blocking layers are required.

Fig. 14. Explanation of nonmonotonic spatial-frequency response Alternatively, decreasing the device layer thicknesses would
_ of Figs. 12 and 13 in terms of contributions of each point charge to the also improve PROM resolution.

total transfer function Vj(w; Z). 'The form of the exposure-induced charge distribution in
the bulk of the electrooptic crystal is seen to have a strong

crystal contribute equally to the total potential.) As the influence on the response of the image storage process. For
negative charge is moved from the interface toward the center normal writing modes, the optimum resolution and sensitivity
of the crystal, the response at high spatial frequencies de- within a given PROM structure are obtained when the positive
creases more rapidly at first than the response at low charge distribution is constrained to the interface nearest the
frequencies. As the negative charge reaches the center of the negative electrode and the entire electron distribution is swept
electrooptic crystal (z - -250 m) and continues to approach to the interface nearest the positive electrode during the
the positive charge, the response at low spatial frequencies writing process. The actual resolution and sensitivity oh-
decreases faster than the reduction in high-frequency re- tained for a given device are thus strongly dependent on a
sponse. For both charges in the same half of the crystal, the number of factors, including the absorption coefficient of the
response characteristic becomes nonmonotonic, as shown in electrooptic crystal at the writing wavelength, the external

* Figs. 12 and 13. In the operating mode called superprime,16  applied voltage, the device layer thicknesses, and the mobil-
a voltage reversal in mid-exposure is used to generate a closely ity-lifetime product of photogenerated electrons in the elec-
confined distribution of positive and negative charges near trooptic crystal A model of charge transport in BSO devol-
one interface. The increase in resolution obtained with the oped by Sprague25 has been adapted to incorporate the effects
superprime mode is a direct consequence of the relative en- of bulk charge storage and the above variables on ESLM
hancement of high spatial frequencies by this nonmonotonic resolution and will be detailed in subsequent papers in this
effect. series. Bulk charge-distribution effects will also strongly

The nonmonotonic behavior of the voltage transfer function affect the resolution and sensitivity for cases in which the
can be explained with the aid of Fig. 14, which details the image-modulated charge pattern is induced by high-energy %
contributions of each charge to the total transfer function. In electron-beam' ° and x-ray" sources. The use of voltage .

Fig. 14a, the signs and magnitudes of the response contribu- modulation techniques (such as reversing the applied voltage
tions from both charges are positive, and the resultant re- in mid-exposure in the superprime mode) can also improve
sponse has the same characteristic as that of a single charge device resolution by utilizing the bulk charge-distribution
positioned at an interface. In Fig. 14b the negative charge is effects of Fig. 14. Further details of operating mode effects
125 am (one qtrter of the electrooptic-crystal thickness) on resolution and sensitivity will be published separately.
from the interface and, hence, contributes a linearly reduced
low-spatial-frequency response and an exponentially reduced 5. SUMMARY
high-spatial-frequency response as compared with Fig. 14a.
At the center of the crystal, the negative charge does not A generalized expression for the voltage transfer function of

* contribute to the response because of symmetry consider- a point charge in a three-layer electrooptic spatial light
ations, and the form of the response is the same as that for a modulator was derived that depends explicitly on the thick-
single point charge at an interface (as shown in Fig. 14c). The nesses and dielectric constants of the layers and on the Ion-
mint interesting case is shown in Fig. 14d, in which the con- gitudinal charge position within the electrooptic crystal. This
tributions to the total response from the two charges have solution was applied explicitly to the analysis of the sensitivity
opposite signs. This situation is equivalent to taking the and resolution of the PROM, and the importance of bulk

* difference between the V.1w; 4) curves for two positive charge-distribution effects was demonstrated. In subsequent
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papers, extensions of the solution will be made to ESLM's that V(p, 0, Z) = V(p,Z) = V(w, z)Jo(wp)dw. (BI) -
use novel electrooptic-crystal orientations to sense transverse 21r Jo

fields' 2 and to ESLM's that utilize anisotropic electrooptic The potential within any of the four regions shown in Fig. 3 %.
crystals. The continuous bulk charge-distribution case will automatically satisfies Laplaces equation if the potential is
also be treated, along with the effects of various operating written in the form 

modes.wrteintefm

V(p, z) - f G (w)exp(:hwz)Jo(wop)dto. (B2) . ..
APPENDIX A. TRANSVERSE CONTRIBUTION 0z .).J, .

TO PROM ELECTROOPTICEFECT The potential in each of the four regions may then be ex-
The contribution to the electrooptic effect of the electric-field pressed explicitly as V
components transverse to the light propagation direction can A hd
be determined by consideration of the index ellipsoid. For I. VCp, z) A .lt)sinh[olz + nlJolpld, ""
a crystal of 123 symmetry, such as Bij 2SiO20 , the only nonzero
electrooptic coefficients are (in the usual contracted nota- (B3)
tion)

r4- r5 2 n r3. (Al) II. V11(p, Z) Jo A2wlsinh[(olz + b)jJoltp)dw,

If the longitudinal direction (corresponding to both the di- (84)
rection of the applied field and the direction of light props- V(

fl~t~n -III. a) uA 3 (w)sinh[w(z + d + d2 )]Jo(wp)dw,
gation) is taken to be the z axis, then the transverse-field lispZ Jo
components E, and Ey modify the index ellipsoid such (B5)that (S

X2+yZ + zz 2r4,lEyz + Eyzz + Exy) - 1, W) IV. Viv(p, Z) = A 4(l)sinhw(z - dj)lJoltp)dw.

(136)
where the longitudinal field E, is taken to be zero for sim-
plicity and no is the zero field index of refraction. In the usual This form ensures that the potentials in regions HI and IV are
PROM geometry, the light propagation direction is along the zero at the z - -(d + d2) and z - d, ground planes. The
crystallographic (001) axis. The polarization eigenstates are paraeters a and b are determined below from the application
determined by the intersection of the ellipsoid with the plane of appropriate boundary conditions.
normal to the light-propagation direction (z - 0 plane), which The boundary conditions are
is described by V(p, -d + ) - V(p, -d-), (B7)

x 2 +y 2

n0o2 e. V(p, -d + ) - ebt - - V(p, - d

Since the intersection is circularly symmetric, the transverse V(p, -E*) - V(p, -t-), (B9)
fields E, and Ey do not contribute to the electrooptic effect
for light propagation along the z axis. Consequently, only the V(P -V) q (p, _), (B )
longitudinal component of the electric field need be consid- V - - V(, - ) ee Bo
ered in calculating the field-induced birefringence. V(P, 0+) - V(p, 01. (Bll)

APPENDIX . DERIVATION OF VL(W J) FOR fl A. V(p, 0+) - to V(p, 01, (B12)

A THREE-LAYER DEVICE & a
where v(p, J), the charge density at z - -, is given by %

In this appendix, we derive the expression given in Eq. (5) for
the voltage transfer function VL (w; J) in a three-layer ESLM. q6(p) =L '

The device geometry is shown in Figs. I and 3. The dielectric U 2 r Jo,
constants of the blocking layers are assumed equal (cba), and
the thicknesses of the layers are given by d, and d2. The di. and 6(p) is the unit impulse function. Application of the
electric constant of the electrooptic-crystal layer is denoted boundary conditions by direct substitution of Eqs. (B3)-(B6)
by e, and the thickness of the layer by d. A single point into Eqs. (B7)-(B12) yields 'U.

charge q is placed within the electrooptic crystal at a distance 9t -E 1
from the dielectric blocking-layer/electrooptic-crystai in- A 1("') ---- '- cosh(a othjo(] -

terface, as shown in Fig. & Transparent electrodes are placed 2reeo t-cothlw(a - ) "-
In theplanesz d, andx - -(d + d2),which m the external (B14)
boundaies of the dielectric blocking layers. Both electrodes 9..... .. ... - ()ILi cortga 5)1
an assumed grounded during readout A, (w) - -h(b -) - -

The cylindrical symmetry of the problem about the x axis 2 , 1 ,,,asNo w lcothIw(b - j)]
is utilized by expressing the potential within the layers in (BIS)
cylindrical coordinates as a Hankel transform: where a and b are given by
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The point-spread function (PSF) of an electrooptic spatial light modulator (ESLM), such as the Pockels Readout
Optical Modulator (PROM) or the PRIZ. is derived for various electrooptic crystal orientations and for charge dis-
tributions consisting of one or two point charges located in the electrooptic-crystal bulk. It is shown that phase
modulation occurs for crystallographic orientations other than (001). resulting in signal-dependent phase distor- I,
tions in the image plane and increased harmonic distortion in the Fourier plane. By utilizing linear systems theory,
ESLM sensitivity and resolution are analyzed by means of generalized voltage transfer functions. Strikingly
strong dependences on crystallographic orientation and charge position are shown. The effects of readout polar-
ization on the angular dependence of the phase and amplitude of the PSF for various crystallographic orientations
are also derived.

1. INTRODUCTION tation and 123 symmetry of BSO result in no contribution to
Electrooptic spatial light modulators (ESLM's) have been the electrooptic effect by electric fields transverse to the light

Elecrootic patal ightmodlatos (SLMs) hve een propagation direction.1  The total integrated electrooptic
proposed for use in place of photographic film as the input prop o rtonal tte lecrossthceffect for such a case is proportional to the voltage across the e.;"

media in optical-processing systems for applications in which electrooptic crystal and, as we showed in Ref. 7, the conversion
real-time operation is required. These devices store images process from the input image-generated charge pattern to the
as charge patters induced in a photoconductor bY the input output light amplitude can be treated as a linear system de-
in an electrooptic crystal, creating a modulated field-induced scribed by a transfer function. It was shown that ESLM

sensitivity and resolution are strongly affected by device layer
birefringence or electrooptic effect that, in turn, modulates thicknesses and dielectric constants and especially by charge
the polarization state of a coherent readout beam. The am- position within the bulk of the electrooptic-crystal layer.
plitude (or phase or both) of the readout beam is related to the In this paper, we investigate the effects on ESLM sensitivity
intensity of the original input image when the ESLM is read and resolution of varying the electrooptic-crystal orientation

O out between crossed (or suitably oriented) polarizers, allowing so that transverse fields can contribute to the electrooptic oinao

various coherent optical-processing algorithms to be per- eeffect, as first suggested by Petrov et at•2 To this end we again
formed on the image. Examples of ESLM's are the Pockels utilize both single- and multiple-point-charge models. Such
Readout Optical Modulator (PROM),' PRIZ,2-4 the Micro- models are necessary to take into account the effects of op-
channel Spatial Light Modulator (MSLM), s PHOTOTITUS, positely signed charges and exposure-dependent bulk charge
and TITUSs devices.

distributions. These effects were not included in earlier
The resolution and sensitivity of an ESLM are of vital im- modelsU,2 . which assumed that the charge distribution is

portance to its performance in a coherent optical processor. confined to a step function near the electrooptic-crystal sur-
An important limitation of ESLM resolution and sensitivity face. Enhancement of harmonic distortion by signal-d%-
is field fringing. A delta-function input image results in a pendent phe errors is shown to occur for certain crystallo-
charge distribution that is sharply confined in the transverse graphic orientations. Finally, the effects of the readout-light
dimensions (neglecting diffusion and transverse drift), but polarization state on the amplitude and phase of the ESLM
the electric-field lines arising from it will, in general, spread
throughout the volume of the electrooptic crystal, affecting point-spread function (PSF) are demonstrated. 0

both the resolution and the sensitivity of the device. The 2. POINT-SPREAD-FUNCTION RADIAL
effects of field fringing are analyzed in Ref. 7 for the case of DEPENDENCE
a charge distribution of one or two point charges in the elec- .-.EC

trooptic-crystal bulk and a crystallographic orientation of the The following analysis of ESLM resolution, sensitivity, and
electrooptic crystal that ensures that only longitudinal dec- phase response is performed in terms of the device PSF for "- -

6. tric-field components parallel to the light-propagation di- a charge distribution consisting of a single point charge kcated 0
rection contribute to the electrooptic effect. The PROM, at an arbitrary position within the electrooptic crystal. (The
which utilizes bismuth silicon oxide (Bih2SiO.k, or BSO) in a radial variation of the PSF determines the response of the
(001) orientation, was used as a specific example of an ESLM. ESLM to one-dimensional sinusoidal gratings as a function
(The physical geometry and principles of operation of the of the spatial frequency w of the grating.) This analysis is
PROM have been described previously.') The (001) orien- analogous to that applicable to the (001) PROM device,,

S. Sq
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except that here the crystallographic orientation is treated as , ,-
a variable parameter, such that all three orthogonal electric-4
field components arising from the point charge can potentially
contribute to the electrooptic effect. Before a quantity
analogous to the PROM voltage transfer function VL(W)7  ,CT~o.
describing the resolution and sensitivity of an ESLM of ar- E
bitrary crystallographic orientation can be determined, the
effects of the three orthogonal field components on the optical (,,i

properties of the crystal must be derived. .
If an electric field is applied to an initially isotropic cubic %

crystal of 123 symmetry (such as BSO in the case of the PROM
or PRIZ), its effect on the crystal birefringence can be de-
scribed by the following deformed index ellipsoid:

Fit 1. Orientation of longitudinand transve electric fieldsand -
X2 +(y1 + 2  their respective induced principal axes for BituSiOo (123 symmetry).+ 2r 4t(E.yz + E,zx + Ezxy) The longitudinal field (EL) and one transverse field (En) induce the

no2  same set of Principal axes (open arrows), whereas the other transverse

where E., Ey, and E, are the components of the field in the field (Ei ) induces a set of principal axes rotated by 450 (dashed ar
directions of the three crystallographic axes and r4 s is the

electrooptic coefficient of the crystal. Since BSO is cubic, r4t
n r2 -rs, and all other components of the electrooptic tensor %
vanish. The elliptical cross section of the index ellipsoid
perpendicular to the light-propagation direction determines 101 9J.'
the new principal axes and indexes. If the ESLM is read out
between crossed polarizers oriented to bisect the principal
axes, the output amplitude can be shown to be .001.

A - iAoei* sin G, (2) ,.

where 0.1

0 - (A + 402
G - (01 - 0 )/2, 4 . "1110 ""el" ._0-.

in which 01 and 02 are the incremental phase shifts of the Fig. 2. Magnitude of retardation G induced by the three orthogonal
components of the readout light along the two principal axes field components defined in Fig. I as a function of crystallographic
and A0 is the readout-light amplitude (corrected for surface- orientation. The generalized voltages VTI, Vrz, and VL are defined
reflection losses). The retardation G represents one half of in the text; G is given in units of v V./V., where t T1, T2, or L.
the phase difference between the two axes induced by the
field; for small signals, the output amplitude is proportional
to G. A phase error or distortion of the output wave front is
represented by the phase 0, which is caused by a circular 0.
(uniform) expansion of the index-ellipsoid cross section in- GA1
duced by the electric fields. The above expression neglects
the effects of natural optical activity in BSO. e t °  C I.5.)0

The phse* and retardation G were calculated for each of I 1- .

the three orthogonal field components and for various crys-
tallographic orientations by rotating the coordinate system c:!i A
until the z axis coincided with the light-propagation direction g ,f..o.

and then by rotating about the new z' axis until Eq. (1) was 0 o 1o 50 m S 0
diagonalized. The new x' and y' axes then define the prin- .oCW .,.. .,i.

cipal axes of the index-ellipsoid cros section, and o and G can ,0
be easily extracted from the equation for the cross section in Fig. 3. Magnitude of phase 0 induced by the three orthogonal field
the new coordinate system. components defined in Fig. I as a function of crystallographic urien-

The dreciosofd ththeesortt tation. The generalized voltages Vr. 1' r., and VL are defined in the
The directions of the throe orthogonal field components text; o is given in units of W V./V,. where a - Ti. T2. or L.

Eri, Er2, and EL and their respective induced principal axes
are illustrated in Fig. I for an 123-class crystal of orientation and (1 1(/y)), respectively. The field ET induces a set of
S (117), where -Y can vary from zero ((110)) to infinity ((001)). principal axes rotated 45° from the axes induced by both EL
This range of orientations was chosen over the many possible and Era.
others becau e it includes all three orientations currently used The results of the calculations of G and # for the three or-
in PROM and PRIZ constructions ((001), ( 11),and (110)). thogonal field components as functions of crystallographic
In particular, E,. is the longitudinal field along (11), and E-%, orientation between (001) and (110), muming a crystal of
and ET, are the two orthogonal transverse fields along (TI0) 123 symmetry, such as BSO, are presented in Figs. 2 and 3. It-
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is assumed that the readout light is incident normal to the where an unimportant constant term in 0 has been sup-
elect roioptic-crystal surface. The results are expressed in pressed. The half-wave voltage for the (001) orientation, V,
terms of generalized voltages, defined as longitudinal integrals - X/2n 0

3r4l (where A is the wavelength of the readout light.' -

of the relevant field component through the electrooptic no is the refractive index of BSO, and r41 is the electrooptic
crystal in the direction of the readout-light propagation: coefficient of BSO), is equal to 4430 V for a readout wave- .

d length of 632.8 nm.9 The maxima of (x) are shifted by r/2
V., f E,,dz, relative to G(x) because, by symmetry, the transverse fields

0 are strongest midway between the input exposure maxima and

a = L. T2, T1, (3) minima, whereas the longitudinal fields are strongest at the
where d is the electrooptic-crystal thickness. (Becauseofthe maxima. The effects of the phase image on the SHD can be
wh sthe electroopti crystalb sptiallyss modulaeoss estimated by inserting Eqs. (4) and (5) into Eq. (2). expandingblocking layers present in these devices, VL, the voltage across esiadbynerngE.(4 d(,)ntE.().epdng..

in a power series to first order in 0 and G, and extracting thethe electrooptic crystal, can be spatially modulated by the coficet of th udmna-adhroi-rqecby the coefficients of the fundamental- and harmonic-frequency -
input image even though, during operation, a constant voltage c Tr
is applied across the device.-) Figure 2 illustrates the relative components. The firt- and second-order diffraction ef-I
contributions of the fields to the retardation G. For the (001) ficiencies, q, and q7, can be obtained by taking the magnitudeconribtins f he ieds o he etadaionG.Forth C01) squared of the corresponding coefficients with the following t.r
orientation, only the longitudinal field EL contributes to G. results: oel
The El, contribution decreases to zero and the transverse Irsl:
fields Er2 and ETi have nonzero contributions for both the I (VT 12(

(111) and (110) orientations. The immediate conclusion can =  i Vr ) Q
be drawn that, for the (111) and (110) orientations, the 2VV ,"
ESLM will pass only nonzero spatial frequencies, since uni- 2 = V (7)

form (zero-spatial-frequency) components do not induce any 
, 4-%Vfr2)

transverse fields. These devices will therefore act as spatial The SHD resulting from O(x) is given by
bandpass filters. The two transverse-field retardations are SHD =

equal in the (111) orientation but differ by a factor of 2 in the - TVL

(110) orientation. Figure 3 shows the orientation dependence irV,
of the phase 0 for the same fields and orientations as in Fig. 4V3 (8)
2. No phase distortions resulting from the electrooptic effect
exist in the (001) PROM orientation, but nonzero phase The effect of the phase image, therefore, is to increase the I..

distortions that result from at least one field component are amount of light diffracted into the second order, which in-

present in all other orientations between (001) and (110), reases the SHD. For example, an exposure that induces a tooVL equal to 2000 V ]results in a SHD of 2D%. Phase distotions!
including the (111) and (110) orientations used in the PRIZ Vn eiu el nesltintofm p asedistortions

devies. Thse esuls fr te POM ad PIZ re um- in the image plane translate into amplitude distortions in thedevices.2 These results for the PROM and PRIZ are sum-
nmarized in Table 1. Fourier plane. Such distortions have a deleterious effect on

The phase error due to the longitudinal field EL in the the fidelity of optical-processing algorithms that require
(111) orientation results in a phase image that premultiplies Fourier-plane filtering operations. Another source (not
the transvene field-induced amplitude image. This phase considered here) of possible phase errors in both the PROM

image will increase the second-harmonic distortion (SHD) of and the PRIZ is the natural optical activity of BSO. As dis- ,
the ESLM as measured in the Fourier plane. For example, cussed elsewhere, e -1° concurrent optical activity and elec- .0 N'.

theESL asmesurd i th Furir pane Fr eampe, trie-field-induced birefringence can distort the output phase
consider the case of a sinusoidal exposure distribution of cir- 14%a.
cular spatial frequency wi imaged onto the ( 11) PRIZ with of an ESLM. Pronounced nonlinear sensitometry charac- %
its wave vector parallel to the Ti direction. According t teristics also contribute to the SHD in the PRIZ.,,i Table 1, the phase # and retardation G are given by According to Eq. (2), the output amplitude is equal to theretardation G if the phase 0 is neglected and if the small-signal

#(X) = rV sin(wxi), (4) approximatipn (G << 1) is used. The retardation that results
2V3 V. from the ET1 transverse-field component for a (111)-oriented
WVT" ESLM is given by

GW- -(, X), (5)d
GTI(f ET(x, y, z)dz. (9)I-

%/6 V. I
Table 1. Values of G and # for Three Orthogonal It is assumed in Eq. (9) that the input polarization is linear and

Fields and Three Crystallographic Orientations Used oriented to bisect the principal axes induced by ETI. If the
in the PROM and PRIZe _____small-signal approximation is used, the PSF (output ampli-

eso .00 Io... tude) is proportional to G(x, y) for a delta-function inputOt%*Itd Yl Pt*Ct¢ (92I! m

exposure. The PSF can be determined from Eq. (9) for the
* C,,,,,_O _ ~ £ ~case of a point charge in the electrooptic-crystal bulk. The -.0 . o [ [,I , t it E , 1. , 1 C. I. ..

. *- 4 ,,,, gift, ,,, 4 ,o. 'o, potential resulting from a single point charge is circularly .
symmetric about the z axis or light-propagation direction, so

o-,s. 0 0 0 0 0 0 0 • that ETa can be expressed in cylindrical coordinates as the %
. ... component of the potential gradient in the TI direction:

_________ ET~p~~z) -V(p, z; V)cos90 (10)
The etiralzedvtolagrt Im V - ad V ar deinedin he ext
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where p and 9 are the radial and angular coordinates, re- point charge from the electrooptic-crystal/blocking-layer
spectively, in the transverse plane, z is the longitudinal interface in the large-spatial-frequency limit. It should be

* coordinate, arnd V(p, z, t) is the potential resulting from a noted here that the measured diffraction efficiency may not
*single point charge located within the electrooptic crystal at decrease with spatial frequency at the rate predicted by the

* positionza- -f. When expressed in terms of V(aw, z; f) [the magnitude squared of Eq. (14), as might be expected from Eq.
Fourier-Harikel transform of V(p, z; t) with respect to the (6). This is because Eq. (14) must be used as a Green's
radial coordinatel, the PSF [Eq. (9)] can be rewritten, using function and integrated over the actual longitudinal charge
Eq. (10). as distribution. Qualitative trends, however, may be extracted

i4 from the single-point-charge solution.
Gri(P.0; 4)Single-point-charge transfer functions are compared in Fig.

,V- V. 4 for two distinct charge positions. In Case A, the point
x ~'~ I~ CV~a-~J~w~wl~os9da 11) charge is at an electrooptic-crystal/blocking-layer interface,

*W w Zoes vIoir W]. o and, in Case B, the point charge is in the center of the elec-

The transfer function of the ESLM is obtained by Fourier trooptic crystal. The ESLM is assumed to consist of a 500-
tranformng he PF (Apenix A: pm-thick electrooptic crystal (BSO, e, - 56) with symmetric
tranforing he SF AppedixA):5-pum-thick blocking layers, which usually consist of parylene,'

itV- " rw;V0 , (2 an organic polymer (ebi - 3). A (111) crystallographic or-

H~l(W,9; f) - V (;~cs , (2 ientation is assumed for the transverse-field device and a
where (001) orientation for the longitudinal-field device. It is cvi-

Vr(w; a d V(w, z; t)dz. dielectric-blocking-layer/electrooptic-crysta interface, the
I transverse and longitudinal transfer functions display strik-

An analytic expression for the potential V(w, z; t) was derived ingly opposite behavior. The longitudinal transfer function

( in Ref. 7. The generalized voltage transfer function VT(w;Vat s eofrapon hreintecneo h lc

Sis given by

* (cosh[c,(a - d)] - cosh~w(a - Z)I cosh[wa(b - k)] - cosh(wb)
cos(h 9coi ~wo - k)) cothfw(a - ~I~

efec-- -sh - )V - I coshlca(b - E)j fI - ct~~

fu trooptic crystal. As derived in Ref. 7, the high-spatial-fre-
b 1coth - coth(-ai) (13) quency form of VL(ar; t) decreases exponentially and the

W lefo II low-spatial-frequency form decreases linearly with the sepa-
where d,, d2, and ebi are the blocking layer thicknesses and ration of the point charge from the interface. For the
dielectric constant; d and t. are the electrooptic layer transverse transfer function VT(w; V), however, the depen-
thickness and dielectric constant; and t is the point-charge dence on charge displacement is opposite that for VL(da; )

position. The function VT(w; f) is analogous to the voltage
transfer function VL(w, t) calculated in Ref. 7 for the (001)
ouientation, in which only longitudinal fields contribute to the
output, and has the same dimensions (voltage X area). The V

4 ~function VT(U-, k) describes how each image spatial-frequency- --.
component is weighted by the ESLM if only transverse-field N,
components contribute to the PSF. The high- and low-spa-
tial-frequency limits of VT(w; f) are given by 7'

Jim Vr(wpa- V-a

X f 1 lexp(-wA,) + exp(-wA,)JI (14)

lrn V-r(w; ~)0 (16)

where A, and A.. are the distances of the point charge from the . vo
two electrooptic-crystal/dielectric-bocking-layer interfaces.
The function VTrr f) decreases inversely with spatial fre- 6
quency in the limit of large spatial frequencies and is a func- 1
tion of the dielectric constants of the ESLM layers. It hab SIA ~~~e' .~pfm

onlya wek deendnce n th chrge ositonin cntrat Iig. 4. Generalized %ingleqpint -charge voltage transfer functi in*tonyawadeedneo the voltage trasfrsuntion .V.(l;,w ich as ntwast hown ltw.3chargo pi.iions l.chated Oi Iae A)and 2i*um I=aelnl
to te vltae trnsfr fncthn V. (; 1) whch.as ws sown rrem the &SO cr)ystal surface. Blocking-layer and 14S0 thicknesses

I t~ in Ref. 7, decreases exponentially with the separation of the are assumed to beh aAnd 5M1 ism. respectively.

4r 0 le % - ?* t~
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The response is enhanced as the point charge is moved away VO cOC 6L

from the interface, with larger relative enhancements for lower
spatial frequencies. These different dependences on point- C
charge position are reasonable from an intuitive point of view.
For a point charge in the center of a symmetric ESLM, the

0 contributions from longitudinal-field components on either E,

side of the charge will cancel, leaving no net response. The
transverse field contributions, on the other hand, will add L. E,

instead of cancel, resulting in an enhanced response (see Fig.
6). These results seem to suggest that ESLM's that utilize
transverse fields should be more sensitive than longitudinal- B Dfield ESLM's if there is significant charge storage in the

electrooptic-crystal bulk. However, it is important to realize
that physically realistic charge distributions contain equal ...

Fig. 6. Schematic diagrams of the electrostatic-field configurations
numbers of oppositely signed charges. In most ELSM's, in- for the charge distributions of Figs. 4 and 5.
eluding the PROM and PRIZ devices, charges are generated
by the input image in a photoconductive process in which (The electrostatic field configurations for Cases A through D

O electrons and positively charged centers or holes are photo- are illustrated in Fig. 6.) By utilizing the principle of super-
generated in pairs. So long as no charge transport occurs position, the response for two point charges is simply the sum
across the dielectric blocking layers, charge conservation must of the individual responses. The longitudinal response is now
hold. It should be pointed out, however, that if significant greatly enhanced as compared with the transverse response,
transverse drift occurs so that electrons (which are the mobile especially for large spatial frequencies. The decrease in the
carriers in BSO) undergo some transverse smearing, then transverse response for two point charges as compared with
charge conservation may be effectively violated, since the one can be explained by referring to the high-spatial-fre-
smeared electrons will no longer contribute to nonzero spatial quency limit of VT(w; t), given by Eq. (14). For large w, VT(W
frequencies. ) approaches the same value for all values of the charge po-

In order to model the effects of charge conservation, we will sition. Consequently, for two point charges of opposite sign
consider two cases. Case C (Fig. 5), in which two oppositely at different longitudinal positions in the PRIZ, the sum of the
signed charges are situated at the interfaces, models the for- individual charge contributions will rapidly approach zero at
ward operating mode, in which the sign of the applied voltage higher spatial frequencies. The longitudinal VL(w; Z) re-

* results in electron transport in the direction of light propa- spome, on the other hand, varies greatly with charge position.
ption. Case D, in which a negative point charge is located Therefore the contributions from two oppositely signed
at an interface and the positive charge is in the center of the charges in different longitudinal positions in the PROM will v"
electrooptic crystal, models the reverse operating mode, in not necessarily cancel at high spatial frequencies (as they do
which the polarity of the applied voltage is reversed so that in the PRIZ case). Therefore cases in which equal numbers
electron transport is opposite the direction of light propaga- of positive and negative charges contribute to the image

* tion. The device parameters are the same as those of Fig. 4. modulation tend to favor the PROM response relative to the
PRIZ. If unequal numbers of positive and negative charges

contribute to the image modulation, whether because of leaky
blocking layers or transverse drift, then the PRIZ response
will be improved relative to the PROM. PROM and PRIZ

sensitivity and resolution have strong but opposite depen-
dences on the specific nature of the charge distribution.12

Quantitative comparisons of ESLM performance must,
therefore, be made in terms of a continuous charge-distribu-

% tion model that includes the effects of operating modes opti-
%% mized for each device. Such a model has been developed and

% -will be discussed in the third and fourth papers of this se.
30 ries.

W \3. POINT-SPREAD-FUNCTION ANGULAR.=.=~W4IIDEPENDENCE
The angular variation of the PSF determines the response of

S-a....... I I , .. , ,the ESLM to one-dimensional sinusoidal gratings as a func-
f to tion of the orientation of the grating wave vector. In order

SPATL IVR(OUENCY (be* sts/"ffi I to determine the angular variations in both the phase and
Fig. & Generalized voltage transfer functions for a charge distri- amplitude of the ESLM PSF, the index-ellipsoid cross section
butio consisting of two ppositely signed point charges. Values for along the light-propagation direction must be found for a field
two dhrge distributions corresponding to forward (Case C) and re- distribution that contains components along all three (71,
verse Cae D) operating modes are shown. Device parameters are
the same s those for Fig. 4. Charge positions are given in the and L) orthogonal directions. Additionally, although in
text. Section 2 the input polarization was chosen to select only one

4'e
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transverse-field component, for a complete description of the source of the phase factor of Eq. (2). For the (1ll) orienta-
PSF. the effects of arbitrary input polarizations on the PSF tion, A is nonzero if fields are present in the (111) longitudinal
angular dependence must be included. The PSF is angularly direction, as is usually the case. The quantity B represents
i.%tropic in the (001) PROM because only longitudinal fields a field-induced birefringence and is the source of the retar-
1which are cylindrically symmetric about a point charge) dation factor of Eq. (2). Although the induced birefringence
contribute to the electrooptic effect. Furthermore, because from the longitudinal field is zero, B is nonzero for fields in
the induced principal axes do not vary in orientation, the PSF the transverse plane.
is angularly isotropic in both the phase and the amplitude, Equations (17) and (18) define the index-ellipsoid cross
regardless of the polarization used to read out the PROM. To section for arbitrary fields. To determine the form of the PSF
illustrate the angular anisotropy in both the phase and the for various input polarizations, the above relations must be
amplitude of the PSF in ESLM's of 123-symmetry crystal combined with knowledge of the electric fields associated with
orientations other than (001), the (111) orientation used in the point charge. The point-charge field in cylindrical
the PRIZ will be analyzed. coordinates is described by

Equation (1) represenis the index ellipsoid for a crystal of
123 symmetry, such as Bij2 SiO ,o, when electric fields are ap- E(p, 0, z) = (ri, cos 0 + Er2 sin O)ET(p, z) + -LEL(p, z)
plied along all three orthogonal crystallographic directions. (19)
In order to determine the index-ellipsoid cross section along where
the light propagation direction, the coordinate system is ro-

9 tated until the z'axis is parallel to the (111) direction. The EL = 1 ,1, 1,,).
equation for the cross section is obtained by setting z' = 0, ,/ 'resulting in I

+ 1 r4 (E , - 2E y - 2E ,) + r4,E , y 2I 
, , -2

are unit vectors in the longitudinal and two transverse direc-
2 r411E, - E)x'y' = 1, (16) tions, EL and Er are the longitudinal and transverse fields,

respectively, 0 and p are the angular and radial coordinates,

respectively, in the (x', y') plane, and z' is the longitudinalwhere x' is along ( ll1),y' is along (110), and z'is along (111); coriae shwnnFg.7

, E, and E, are fields along the crystallographic directions; coordinate, as shown in Fig. 7.

no is the unperturbed refractive index; and rl is the elec- Substituting Eq. (19) into Eqs. (17) and (18) results in

trooptic coefficient. The cross section is diagonalized by 0 + (-020)
rotation of the coordinate system about z'. The angle O 2 29
between the principal axes and the (x', y') axes is

II tan-' r(E, - E,) . for the orientation of the principal axes. This linear variation
P, - tan- E + E. - 2 (17) of the orientation of the principal axes with the transverse-

[E. + Ey - 2E, field orientation leads to an anisotropic PSF for both linear
The angle O varies from 0* to 45* as the transverse electric- and circular input polarizations, as shown below. The di-
field vector rotates 90* from (112) to (110) in the transverse agonalized equation for the index-ellipsoid cross section be-
plane. One of the principal axes induced by the transverse comes

field E7-, along the (112) direction is parallel to Eri. whereas 1 1
the other principal axis is normal to it. The transverse field -I _ r4 Ej,(p,Ez) + r4LE((PZ) x"W

Er2 along (110) normal to ETI induces another set of prin-
q cipal axes, both of which are situated at a 45 angle with re- 11 1 r~lELpz)-- rar(#,z)I y' 1.

" spect to E... It will be shown below that this variation of9, -0 vr E 3
with the transverse-field orientation leads to interesting (21)
modifications of the PSF phase and amplitude, which are not

present in ESLM's that utilize longitudinal effects, such as
the PROM. The equation for the index-ellipsoid cross section

in the new rotated coordinate system is

+, (18) 'i

where

r41 ',tI. ZIA L--- tE, +£E, + E,)!0
3'.

and

/I= :,r41(E- + E, 2 + E:2 - E5 E, - E.,E: - E, E:)11- .

A circularly symmetric expansion or contraction of the ellip- I.
%oid cross section is represented by the quantity .4. It is the Fig.T. ('e,,rdinite 'y. em u.'ed in derivation f (III I) PRIZ PSF.

SI

p.' *i' . . . . . . . . . . - . . . . . . -*... .. . . .-.. . . ..- .i. .
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The incremental phase retardations along the principal axes lobes of opposite sign, the orientation of which depends on the
are orientation of the linear input polarization. Therefore, for

r [VL (p) _ 1a sinusoidal grating input exposure, the phase of the output
0, = - Vr(p) , amplitude depends on both the amplitude of the longitudinal

%/'6- V. % V(2fields and the grating-wave-vector orientation [through the
_ = VL(P) 1 (22) sign of cos(20 - 0)].

%/+ V P If elliptically polarized light is used to read out the ESLM,
its polarization may be given by

As derived by Jones,' 3 the polarization transfer matrix
M(0 ,), which describes a birefringence rotated by angle Op, - Ao = (sco , (27)
Is given by ~i sin13 -

A M(op) where j3 is now a parameter that determines the ellipticity.

icos Op -sin Op exp(i0) 0 licos 0p sin Op Circularly polarized light results iff1 = v/4. ThePSFforel-
•II liptically polarized readout with an orthogonal elliptical an- "

Lsin 9p, cosp 9 0 exp(iO2)J[-sin 0 p COS ~palyzer placed in back of the ESLM is

(23)
First, consider linearly polarized input light with polarization h (p, 9) = (sin13 i cos/1)M(O) sin())

i vector 
ffi on(i) cos 0 - sin 2 0 sin O)exp[i (p)lsin a (p), ( 8

Ao = si ') (24) (8 ,
sin where, again, Eq. (20) has been used to substitute 0 for 9 p.

where 1 is the angle between the polarization vector and the The form of the PSF is shown in Fig. 8b for 1 =/8. For
x' axis ((112) direction). With an orthogonal analyzer placed general elliptical polarizations, the PSF is anisotropic in both
after the ESLM, the PSF for linear polarization is given by phase and amplitude. In the. case of circularly polarized

8) -cos ~readout light, Eq. (28) reduces to
hip, )(sin - cos sin 11 h(p, 9) = i exp(i)exp[io(p)]sin G(p). (29)

= i cos(23 - 8)exp[iO(p)jsin G(p), (25) The amplitude of the PSF forcircular polarization is circularly

where Eq. (20) has been used to substitute 0 for Op. The radial symmetric, but the phase variationn cover the entire unit circle
in the PSF are contained in the phase and retar- in the complex plane. Physically, this is caused by the rota-vardations tion of the principal axes as the transverse field rotates Isee

dation terms Eq. (20)], which alters the phase of the output. (Buhrer et

'rVL(p) al. 14 have used this effect in (111)-oriented cubic crystals to
)f 2v/ V. achieve optical single-sideband suppressed-carrier trans-

zrVT(p) mission with a transverse electrooptic modulator.) As in the
G(p) = r • (26) linear polarization case, a signal-dependent phase is present.

v V, The change in sign of the PSF on reflection through the origin
Phase modulation is caused by the longitudinal field. The for both linear and elliptical polarization ensures that the
transverse fields contribute to the retardation. As shown in PRIZ has no zero spatial-frequency response since the two-
Fig. 8a, the PSF for linear input polarization consists of two dimensional spatial integral of the PSF is zero. The above

results extend the analysis by Petrov and Khomenko" of the
LIA angular variations in the PRIZ PSF to include the effects of

POLARIOZATION the longitudinal fields and the readout-light polarization state
+on the PSF phase.

The phase effects in the PRIZ can be made visible in the
image plane by a constant bias FO. Such a constant bias can

/ be caused by nonzero extinction of the polarizers or by
strain-induced birefringence in the electrooptic crystal. If

a- the radial dependence of the PRIZ PSF is incorporated in 1(p),
then the PSF's for linear and circular polarization with bias
Fo can be written as

PAzATO, 0 h (p, 8) - f(p)cos(23 - 9) + Fo (30)

for linear polarization and
r h (p, 0) - f(p)iei O + Fo (31)

for circular polarization. The effects of Fo on the angular
* b symmetry of the PJRIZ PSF can be determined by defining Fo

as equal to some fraction fo of f(p) at a particular p - po. It
Fig. S. Angular va.rialion.s in magnitud , ( I I) I'RIZ KSF for (a) then becomes clear from Eqs. (30) and (31) that constructive
liiw~ir ;iiiI gI~ tellip it'; rli~dtag poltrizmmi~eih. Ibm. i.' circularly and destructive interference occurs between Fo and different
- wi¢W in InlaignlildtI( for circiihmrly IkPhtrize(I reade, lobes of the PSF, resulting in asymmetric PSF's. Theangular
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moo sas MTNas of ESLM performance was demonstrated. Since the relative
CIRCLM PG M performance of the PROM and PRIZ devices depends

strongly on the operating mode used and on the resultant
charge distribution, quantitative comparisons of the devices
in terms of sensitivity and resolution can be made only in the

T context of a more realistic continuous charge-distribution

b model, using operating modes optimized for each device.
Such a model will be described in subsequent papers in this

,rdistot the phaseof the output vave front and increase the

ignal tene n phase efet are prsnfnthlRta
SHD. (Another strong contribution to the SHD in the PRIZ

S- - d is its nonlinear sensitometry characteristics."3 ) Polariza-
Fig. 9. Effects of constant background leakage on angular variations tion-dependent phase effects are also present in the PRIZ
in magnitude of (111) PRIZ PSF. because of the simultaneous excitation of two sets of principal

axes by the three orthogonal electric-field components.
dependence of the magnitudes of the PSF's for linear and Neither of these effects is present in the PROM. The PRIZ
circular polarizations (for a value of fo = 0.5) is illustrated in polarization-dependent phase distortions can be made visible
Fig. 9. The effect of the bias is to destroy the inversion by a constant bias caused either by strain-induced birefrin- 1
symmetry of the PRIZ PSF's, which results in asymmetric gence in the electrooptic crystal or by incomplete polarizer-
imaging properties. The visual effect of these asymmetries analyzer extinction. The phase and amplitude distortions
is shadowing or reliefing of the image in which edges on one mentioned above, which occur when novel crystallographic
side of an object are brighter than edges on the other side. orientations are used in ESLM construction, are important
Such asymmetries are not present in the PROM because the factors to consider in the design of real-time optical-processing
phase of its PSF does not change on reflection through the systems.
origin, resulting in no constructive or destructive interference
with the bias term. APPENDIX A. CALCULATION OF THE

The PRIZ transfer functions corresponding to the PSF's TRANSVERSE-EFFECT ESLM TRANSFER
for linearly and circularly polarized light given by Eqs. (25) FUNCTION
and (29) are

The PSF of a transverse effect ESLM ((III) PRIZ) for a
S) H(w, 8; E) - -cos(2 - 0 ) -T(; j(32) readout polarization that selects the ET, transverse-field

6 V 32 component was given in Eq. (11) and is rewritten below in
for linear polarization and rectangular coordinates with the order of integration re-

(3) versed: 1  7 1H(to, 0; t) - -e i l r(an (33) vesd
-%r6 V. Grilx, y; IT= ~,-

v/6- V. (ta
for circular polarization. The radial and angular polar coor- [+ + d
dinates in the Fourier plane are given by w and 0, respectively, X f:" S I_+ V(, wy, z; )dz
0 is the orientation of the linear polarization, and VT(w; ) is 6N

given by Eq. (13). A small-signal approximation was used, X expfi(wtx + wyy)]dw.dwy. (Al)
and the signal-dependent phase was neglected. (The angular As was mentioned in Section 2, the above expression for the
dependences of the magnitude of the amplitude agree with PSF is accurate only in the small-signal approximation for
previous derivations and experimental measurements of the which the output is proportional to the retardation G. The

diffraction efficiency.16) Note that the angular phase varia- ESLM transfer function is given by the Fourier transform of

tions present in the PSF are also present in the Fourier plane. Eq. (A): Str

The output phase of gratings imaged onto the PRIZ will vary
with the orientation of the grating wave vector. The phase HTi(w., Wy; ;) = - I.T. (1w. + yto)
can vary over the entire unit circle in the complex plane.
These phase anisotropies in the PRIZ transfer functions may daffect the ue of PRIZ ESLM's in applications in which phase ×fo U(to,toy, z; Z)d. W)2

uniformity is important
Since V(o,, w, z; t) is circularly symmetric about the z axis
and since Er, is parallel to the x axis, the above transfer

4. CONCLUSIONS function can be rewritten in polar coordinates as'
In this study we have derived the point-spread functions and iw I
transfer functions for electrooptic spatial light modulators of HTI(W, 9; V) - V- .-- W)
various crystallographic orientations, specifically the PROM 

-V

and PRIZ devices, for the coses of one or two point charges in where
the electrooptic-crystal bulk. It has been shown that the d
senitivity and resolution depend strongly on the charge dis- V'(W; ) = V(w, z; )dz.
tribution an on the crystallographic orientation. In addition,
the importance of treating charge conservation in any model This is the result presented in Eq. (12).

•yz 
% | .
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Photorefractive materials have been extensively used in

* recent years as real-time recording media for optical holog-
raphy.1U One prospective application of real-time holography
is in the area of optical information processing; for example,
the correlation between two mutually incoherent images has
recently been demonstrated in real time in a four-wave mixing
geometry.3 Often, however, the information to be processed
exists only in incoherent form. High performance spatial light

* modulators4 are thus necessary in many optical information
processing systems to convert incoherent images to coherent
replicas for subsequent processing. We report in this Com-
munication the successful demonstration of real-time inco-
herent-to-coherent image transduction through the use of
holographic recording in photorefractive crystals. Several
possible configurations and experimental results are pre-
sented.

The interference of two coherent beams in the volume of
a photorefractive crystal generates nonuniformly distributed
free carriers, which are redistributed spatially by diffusion
and/or drift in an external applied field. The subsequent
trapping of the free carriers in relatively immobile trapping
sites results in a stored space-charge field, which in turn

4o modulates the index of refraction through the linear elec-
trooptic effect.5 Thus a volume phase hologram is recorded.

"" If the two coherent beams are plane waves, a uniform phase
, grating is established. An incoherent image focused in the

volume of the photorefractive material will spatially modulate
" the charge distribution stored in the crystal. This spatial

modulation can be transferred onto a coherent beam by re-
it constructing the holographic grating. The spatial modulation

of the coherent reconstructed beam will then be a negative
replica of the input incoherent image. The holographic

1 December 1963 Vol. 22, No. 23 APPLIED OPTICS 3665
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P Fig. 3. Photorefr.active incoherent-to-coherent conversion of a0 transparency with grey levels.

Fig. 1. Experimental setup for incoherent-to-coherent conversion
with phase conjugation in four-wave mixing. The writing beams],
and 12 and the reading beam 13 are generated from an argon laser (A
= 514 nm). The phase conjugate beam I4 is diffracted at the same
wavelength. The transparency T(xy) is illuminated with a xenon
arc lamp S and imaged on the BSO crystal with the opt ical system 1,1

* through a filter F(A = 545 nm). BS is a beam splitter, and P is a po-
larizer placed in the output plane.

C-

0Z

Fig. 4. Fourier transform ofa grid pattern formed after a photcre-
(a) fracti% e incoherent-to-coherent conversion of the grid pattern patternimage. %

* ~ 3grating can be recorded before, during, or after the crystal is"-C .. :' exposed to the incoherent image. Therefore, a number of

4 operating modes are possible. These include the Grating
. Erasure Mode (GEM), the Grating Inhibition Mode (GIM), P

:slI f, and the Simultaneous Erasure Writing Mode (SEWM),
5 1 " among others.

In the Grating Erasure Mode, a uniform grating is recorded
by interfering the two writing beams in the photorefractive

Me t* . crystal. This grating is then selectively erased by incoherent2S illumination of the crystal with an image-bearing beam. The
-~ '" to ~incoherent image may be incident either on the same face of

the crystal as the writing beams or on the opposite face.
. ,,, --' " When the absorption coefficients of the writing and image-

.. .bearing beams give rise to significant depth nonuniformity
within the crystal, these two cases will have distinct wave-
length-matching conditions for response optimization.

In the Grating Inhibition Mode, the crystal is pre-illuminated
with the incoherent image-bearing beam prior to grating

Fig. 2. Incoherent-to-coherent conversion utilizing phase conjugation formation. This serves to selectively decay (enhance) the
in four-wave mixing: (a) spoke target; (b) USAF resolution target. a,-plied transverse electric field in exposed (unexposed) re-
The group 3.6, corresponding to a resolution of 14.3 Ip/mm, is well gkons of the crystal. After this pre-exposure, the writing beams

resolved, are then allowed to interfere within the crystal, causing grating

3666 APPLIED OPTICS Vol. 22, No. 23/ 1 December 1983

i. _ .



- *, i
,. . . .  

'- . , .- : - '. . % 
.

formation with spatially varying efficiency due to vast dif- the technique to reproduce many grey levels. To obta:n this
ferences in the local effective applied field. This technique image, a negative transparency wa illuminated with blue light
will also work in the diffusion limit with no external applied (X = 488 nm) derived from an argon laser and was focused on
field by means of a similar physical mechanism. the BSO crystal. The holographic grating was recorded with

In the Simultaneous Erasure Writing Mode, the conventional green light (X = 514 nm) and read out with an auxiliary red
degenerate four-wave mixing geometry is modified to include beam (X = 6328 A).
simultaneous exposure by an incoherent image-bearing beam. The 2-D Fourier transform formed by a lens after the in-
as shown schematically in Fig. 1. Diffraction by a phase coherent-to-coherent conversion of a grid pattern is shown in
grating in the four-wave mixing configuration has been Fig. 4. The fundamental spatial frequency of the grid was--1
modeled following two different approaches.- Common to lp/mm. The existence of several diffracted orders and the
both analyses, the diffracted intensity is proportional to both well-focused diffraction pattern are positive indications that
the readout intensity and the square of an effective modula- the device is suitable for coherent optical processing opera-
tion ratio, in the first-order approximation, and assuming no tions.
pump depletion. In addition, a uniform beam incident on the Although these results are preliminary. they clearly dem-
photosensitive medium at an arbitrary angle decrea-es the onstrate the feasibility of real-time incoherent-to-coherent
modulation ratio and hence the overall diffraction efficiencv. - conversion utilizing phase conjugation in photorefractive BSO
In the SEWM configuration, these effects can be combined crystal.. This device has potential for incoherent-to-coherent
with the diffraction of a conjugate beam in a four-wave mixing conversion with high resolution, which can be realized by
geometry to perform the incoherent-to-coherent image con- optimizing the optical properties and quality of the crystal,
version. In particular, this conversion can be regarded as the depth of focus in the bulk of the medium, the carrier fre-
caused byselective spatial modulation of the grating by spatial quency of the grating, and the relative intensities and wave-
encoding of the incoherent erasure beam. It should be noted lengths of the various beams. In addition, such a device is
here that a related image encoding process could be imple- quite attractive from considerations of low cost, ease of fab-
mented in a nonholographic manner by premultiplication of rication. and broad availability. With such a device, nu-
the image with a grating.9  merous optical processing functions can be directly imple-

In our experiments, we have successfully produced inco- mented that utilize the flexibility afforded by the simulta-
herent-to-coherent conversions in all three operating mode neous availability of incoherent-to-coherent conversion and
configurations as well as in several modifications of the basic volume holographic storage.
arrangements described above. We present here experi-
mental results from our implementations of the Simultaneous
Erasure Writing Mode.

The experimental arrangement in one implementation i,
as shown in Fig. 1. The two plane wave writing beams (Ia- The author would like to thank F. Lum for his technical
beled 11 and 1,) are generated from an argon laser iX = 514 assistance and Y. Owvchk,, J. Yu, and E. Paek for helpful
nm) and interfere inside the photorefractive cry.;ta! to create discussions. This research was supported in part at USC by
a phase volume hologram. The readout beam 13. collinear RADC under contract F19628-83-C-0031, the Defense Ad-
with I to satisfy the Bragg condition, diffracts the phase vanced Research Projects Agency, the Joint Services Elec-
conjugate beam 14 at the same wavelength and with increased tronics Program, and the Army Research Office and at Caltech
diffraction efficiency when a transverse electric field is applied by the Air Force Office of Scientific Research and the Army
to the electrooptic medium. An incoherently illuminated Research Office.
transparency 7(xy) with intensity ,(xy) leither quasi-
monochromatic or white light) is imaged in the plane of the
crystal. The beam splitter BS separates the diffracted signal

40 from the writing beam; the Polaroid filter P in the output
plane eliminates the unwanted scattered light to enhance the
signal-to-noise ratio.' 0 The photorefractive material utilized References
was a single crystal of bismuth silicon oxide (BSO), cut to 1. P. Gunter, "Holography. coherent light amplification, and optical
expose polished (110) faces, and of dimensions 7.3 X 6.9 X 1.3 phase conjugation," Phys. Rep. 93,200 (1983).
mm ".  2. D. M. Pepper, Opt. Eng. 21, 156 (1982).

A transverse electric field Eo = 4 kV/cm was applied along 3. J. 0. White and A. Yariv, Appl. Phys. Lett. 37, 5 (1980).
the [T10 axis perpendicular to the polished faces. The carrier 4. A. R. Tanguay, Jr., in Proceedings, ARO Workshop on Future
frequency of the holographic grating, f = 300 lp/mm, was Directions for Optical Information Processing, Lubbock, Tex.,
within the optimum range for the drift-aided charge transport May, 1980 (1981), pp. 52-77.
process." The vertically polarized coherent writing beam and 5. D. L. Staebler and J. J. Amodei, J. Appl. Phys. 43, 1042 (1972).
signal intensities were 11.2 = 0.4 mW/cm 2 and 1. = 8 mW/cm 2, 6. J. Feinberg, D. Heiman, A. R. Tanguay Jr., and R. W. Hellwarth,
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A method for performing incoherent-to-coherent conversion in photorefractive crystals
is presented. The technique is experimentally demonstrated in .i 125i0 20 and a theoretical
framework is established to analyze the performance of the device.

INTRODOCTION i

Two dimensional optical transparencies are used in the implementation of optical image
processing systems as input incoherent-to-coherent transducers, and are also used for the
recording of Fourier transform holograms. Most of the early optical image processors were S
implemented using photographic film for both purposes. The need for real time operation has
prompted the development of devices with which it is possible to form reusable optical
transparencies at high speed (1, 21. In general, however, real time devices that are
intended for use as input spatial light modulators (SiLMs) are not suitable for holographic
recording and vice-versa. This distinction exists partially due to the fact that a much
higher spatial bandwidth is necessary for holographic recording, while at the same time the
properties of high resolution holographic recording media (low sensitivity, response at low
spatial frequencies) are not always compatible with the requirements of an efficient
incoherent-to-coherent conversion process. Such a resolution-sensitivity tradeoff is
familiar from the example of photographic (silver halide) films, for which high spatial
bandwidth is in general accomplished at the expense of lower sensitivity.

The dichotomy between input SLMs and holographic elements is particularly evident in
devices that are fabricated with photorefractive (PR) crystals. Photorefractive crystals
are photosensitive as well as electrooptic. This feature makes It possible to record an
optical image in such crystals, and subsequently modulate a separate optical beau with the
recorded image. Real time SLMs, such as the PROM (31, have been fabricated with the
photorefractive material Bi12SiO 2, and this sae crystal has also been used extensively in
real-time holographic experiments (4]. The configuration and the properties of the
holographic devices, however, are quite different from the PROM and other similar SLMs that
are fabricated with Bi12Si0 20.

In this paper we examine a method for performing incoherent-to-coherent conversion with
a photorefractive device in the holographic configuration. There are tvo primary reasons
that have motivated us to investigate this possibility, first, the construction of the
holographic device is inexpensive and simple, and second, it Is possible to record very high
spatial frequencies in photorefractive crystals in the holographic configuration. This
technique has been recently demonstrated experimentally by Kamshilin and Petrov [51 and
independently by the authors (61. in this paper the method is described, experimental
results are presented, and an analytical model is employed to determine the electric fields
induced in the photorefractive crystal by this recording mechanism.
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Z3COEINU3-TO-cOEUlm=T COMUERZO.

The photorefractive incoherent-to-coherent optical converter is shown in Fig. 1. The"-
photorefractive crystal is exposed to the interference pattern of two coherent plane waves,
which induces the formation of a phase grating in the crystal. An electric field is
externally applied in a direction parallel to the grating wavevector. The grating formation
is attributed to photo-induced generation and subsequent retrapping of free carriers,
resulting in a stored periodic space-charge field. The space-charge field introduces a
proportional modulation of the index of refraction in the crystal through the electrooptic
effect. in the configuration of Fig. 1, the crystal is also exposed to the incoherent image
of an input object. The exposure to the incoherent intensity can take place during, after,
or before the formation of the holographic grating. It is assumed that the depth of focus
of the imaging system is sufficiently long so that the incoherent image is focused
throughout the volume of the photorefractive crystal.

The incoherent illumination induces photogenerated carriers in the conduction band. As
these carriers diffuse or drift and are retrapped, they partially cancel the holographically
induced space-charge distribution, resulting in local erasure of the holographic grating in
proportion to the incoherent intensity. The space-charge field that results from the
combined exposure to the coherent and incoherent beams is a periodic grating whose amplitude
is modulated approximately proportional to the negative of the incoherent image. A coherent O
reproduction of the incoherent image can be obtained by illuminating the crystal with an
auxiliary laser beam at the appropriate Bragg angle and subsequently forming an image of the
diffracted light.
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The system of Fig. 1 was assembled in the laboratory to demonstrate experimentally the
feasibility of this technique. A (110) plate of single crystal Bi1 2SiO20  (BSO) with
dimensions lm x 10m x 2mm was used and an electric field equal to 6kV/cm was applied in
the <001> direction. The holographic grating was formed with green light (X - 514 nm)
derived from an Argon ion laser at a spatial fequency equal to 10 line pairs/m. The
average intensity of the coherent beam was 33 mW/cIe. The Bi12SiO20 crystal was exposed
simultaneously to an incoherent image with average intensity 1.7 mW/cm2 . The recorded image q
was read out with an expanded bean from a HoNe laser as shown in Fig. 4, and the coherent
replica was obtained by imaging the plane of the Bil2SiO2O plate onto the output plane. --
Examples of images that were recorded after incoherent-to-coherent conversion are shown in
Fig. 2.

A complete description of the performance that was observed in these initial
experiments is presented in a separate paper in this volume [7]. We will briefly summarize
some of the results here. Spatial frequencies in excess of 10 line pairs/me were recorded S
and reconstructed, resulting in converted images with over 10 resolvable pixels with the 1
cm crystal used in the experiments. There is a direct trade-off between sensitivity and
speed. Response times approximately equal to 30 rsec were observed with relatively high
incoherent intensityl at lower intensities (% 1 m W/cm ) the response time was approximately
equal to 500 masc. it should be emphasized that these characteristics are simply
preliminary observations at this stage. All of the performance characteristics depend
strongly on materials and configuration parameters, and numerous trade-offs exist. The
physical mechanisms that impose the fundamental limitations must be identified before the
parameters can be chosen to yield optimum overall performance. To this and, a mathematical
model is employed to analyze incoherent-to-coherent conversion in photorefractive crystals,
as described in the following section.

,2-.

Fig. 2. Examples of photorefractive incoherent-to-coherent conversion. j
MATHEMATICAL EDDRL

Holographic grating formation in photorefractive crystals has been extensively modeled
[8]. The same basic formalism can also be used to analyze incoherent image recording in

* photorefractive crystals through erasure of a holographic grating. The analytical framework
that has been proposed by Kukhtarev 18] is based on the following set of equations:
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in which

n is the density of electrons in the conduction band

N is the density of vacant donor sitesND

in the electron charge

J is the current density

x is the coordinate along which the external voltage is applied

a is the absorption cross section

I is the intensity of the incident optical wave

N is the total density of donor sites

y in the recombination coefficient

2 is the electric field in the crystal

C is the dielectric constant

N 0 is the density of vacant acceptor sites in the dark

U is the mobility

KB is Boltzmann's constant

T is the temperature

E is the amplitude of the electric field of the read-out light

0/2w is the optical frequency

r is the electrooptic coefficient

a Is the index of refraction

Equations (l)-(4) can be solved to determine the electric field E that is induced in
the crystal by exposure to the input optical intensity I. -Equation (5) is the wave
equation, including the polarization field that in induced by the electric field in the
crystal through the electrooptic effect. Once the electric field E is determined from Eqs.
(M)-(4), Eq. (5) can be solved using coupled mode analysis 110] to determine the optical
field diffracted by the photorefractive crystal. In this paper we concentrate on

(* determining only the induced field B. We consider the simultaneous exposure of the crystal
to the coherent grating and an incoherent image. The total light intensity incident on the
crystal is the sum of the coherent and incoherent intensities:

@I
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Ilxt) = IC [1 + me cos(RKoIx+ I£(x't) (6)

where 1. is the average intensity of the coherent light, m_ is the modulation depth and
Kc/2v isthe spatial frequency of the coherent grating. The intensity of the incoherent
image is given by Ii(z, t).

The set of Eqs. (1)-(4) describe aisystem with input intensity I(x, t), the state of
which is described by the four variables 11, n, J and E. The solution of the four equations
yields the electric field E. The fidelity with which the incoherent image I4 is recorded

can be investigated by studying the relationship between 3 and Ii. The solution of Eqs.
(l)-(4) is in general difficult because they are nonlinear. Often these equations are
solved by making simplifying assumptions that lead to full or partial linearization. The
effect that we are investigating, however, is based on the nonlinearities, and we are
therefore primarily interested in characterizing the nonlinear part of the response of the
system. For this reason, we have included in the analysis all of the nonlinear terms. The
strongest nonlinearity typically occurs in -Eq. (4) where the current density i is
proportional to the product of E and n, the number density of electrons In the conduction
band. The product n4 that appears in Eq. (1) can also be a significant source of
nonlinearity.

The critical role that the nonlinearities play in this device can be appreciated by
considering the electric field distributions 9 that are induced by exposure to the coherent
and incoherent beams independently. The coherent beams alone record a uniform gratingi the
incoherent beam alone induces a field distribution that is not an accurate reproduction of
the incoherent intensity distribution (more on this later). If the system were linear, the
combined exposure would simply induce the sum of these two field distributions. However,
the nonlinearities give rise to additional, intermodulation terms in 3 and these are
responsible for the accurate reproduction of the incoherent image upon reconstruction of the

* holographic grating that is observed experimentally.

The steady state behavior of the system is analyzed by setting all the time derivatives
equal to zero in Eqs. (1)-(4) and choosing an incoherent illumination of the following forms

1Cxt) - Ii [1+ mi cos(K x)]. (7)

in which mi  is the modulation depth and Ki/2w the spatial frequency of the incoherent
grating. In this case the solution for the electric field E is in the form

3W(x) - Er Rm exp[j(mxc + nhi)x],m--M n--N

and similarly for the other three variables, n, N , and J. Equations (1)-(4) can now be
solved numerically, using the method of successive approximations, to obtain the
coefficients of the expansion in Eq. (8). The calculation was perfomed for a mi  1,
%/2w - 10 c/me, Ki/hw a 10 c/=e, and material parameters that were given by $eltier and

S. N cheron 191 for Bi128i0 20.

The coefficients E Re0 and 310 are plotted in Fig. 3 as a function of the ratio
2 a I4/1 .  The quantity -!l, is Bhe coefficient of the intermodulation term of interest,
coe(Kx)cos(1 x). It is evident in Fig. 3 that Ell attains a maximum at R a 1. It in
int sting t note that in the experiments reported in the previous section, the much
higher value of R 'u 52 was used. The reason for this choice can be appreciated by observing
the behavior of Z3Of The quantity 3 0 is the coefficient of the cos(Ri x) term, and upon
reconstruction iR results in a uniform plane wave diffracted in the same general direction
as the signal beam that is diffracted due to the Ri grating. As a result it acts as a
constant background bias that reduces the contrast of the coherent image. An shown in Fig.
3, the ratio Z11/210 increases (and hence the contrast improves) as R is increased. In a
coherent optical system, a constant bias can be easily removed by spatial filtering and
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incoherent images in crystals such as Bil2SiO20, where an external field is required for
efficient grating recording. A simple experiment was performed to demonstrate this. A
transparency of a nested-squares pattern was used as the incoherent input in the

* experimental set-up described in the previous section. Coherent reproductions of this
object were obtained from the E"1 and Ees gratings and they are shown in Figs. 4a and 4b,
respectively. The external field was applied in the horizontal direction of Figs. 4. It is
evident that information is recorded only in the direction parallel to the external field
with direct exposure, whereas two dimensional recording is possible through erasure of the
holographic grating.

CONCLUSION

A novel recording method in photorefractive crystals has been presented. Our
preliminary experimental and theoretical observations indicate that incoherent-to-coherent
conversion can be implemented with this mechanism. Further experimental and theoretical

• work is needed to assess the full capabilities of this device.
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ABSTRACT

rVolume holographic storage in photorefractive Bi12 10 20 (58O) crystals is utilized to
4perform dynamic incoherent-to-coherent image conversion by means of selective spatial

erasure of a uniform grating with white (or quasi-monochromatic) light. Preliminary results
with binary and grey level transparencies are presented, and the conversion process is
described in terms of a simple model which relates the diffracted intensity to the
space-variant effective modulation ratio.

INTRODUCTION

Real-time holography in photorefractive materials has been utilized for many
* applications in the areas of optical processing [1, non-destructive testing of vibrating

structures 121, and Image propagation through aberrating media 131. In addition, the
development of high performance spatial light modulators has received such recent attention,

'primarily for incoherent-to-coherent conversion functions in optical information processing
and computing applications 14, 5]. We have reported in a previous paper (6] the successful
application of volume phase holography to the real-time conversion of an incoherent image
(quasi-monochromatic or white light illumination) into a coherent replica. Several possible
configurations for the performance of this image transduction in photorefractive materials
owere discussed therein. Such a conversion process has been investigated Independently, as
reported in reference 17].

In this paper, we present a simple model that describes the incoherent-to-coherent
conversion process in terms of the space-variant effective modulation ratio. The model is
shown to satisfactorily explain the principal features of the device sensitometry behavior.
The limiting resolution of the process is discussed, and geometric, systemic, and

4 materials-related constraints ace identified. Experimental measurements of the device
temporal response characteristics are presented.

The high sensitivity of photoconductive and electrooptic crystals such as Bismuth
Silicon Oxide (Bi S0O or B80) in the visible spectrum has allowed the simultaneous
recording and readil of volume holograms to be achieved with time constants amenable to
real-time operation. The holographic recording process in photorefractive materials
involves photoexcitation, charge transport, and trapping mechanisms 1S, 91. When two

*4 ( coherent writing beams are allowed to interfere within the volume of such a crystal, free
carriers are nonunifocmly generated by absorption, and are redistributed by diffusion and/or
drift under the influence of an externally applied electric field. Subsequent trapping of
these charges generates a stored space-charge field. which ir turn modulates the refractive
index through the linear electrooptic (Pockela) effect and thus records a volume phase
hologram. If both coherent writing beams are plane waves, the Induced hologram will consist
of a uniform grating.
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In the Photorefractive Incoherent-to-Coherent Optical Conversion (PICOC) process, in
addition to the holographically-induced charge distribution stored in the crystal, an
incoherent image is focused in the volume of the photorefractive material, and creates a
spatial modulation that can be transferred onto a coherent beam by reconstructing the
holographic grating. The spatial modulation of the coherent reconstructed beam will then be
a negative replica of the input incoherent image. The holographic grating can be recorded
before, during or after the crystal is exposed to the incoherent image. Therefore, a number
of distinct operating modes are possible. These include the Grating Erasure Node (GEM), the
Grating Inhibition Mode (GIN), and the Simultaneous Erasure/Writing Mode (SEWN), among
others.

In the Grating Erasure Mode, a uniform grating is first recorded by interfering the two
coherent writing beams in the photorefractive crystal. This grating is then selectively
erased by incoherent illumination of the crystal with an image-bearing beam. The incoherent
image may be incident either on the same face of the crystal as the writing beams, or on the
opposite face. When the absorption coefficients of the writing and image-bearing beams give
rise to significant depth nonuniformity within the crystal, these two cases will have
distinct wavelength-matching conditions for response optimization.

In the Grating Inhibition Mode, the crystal is pre-illuminated with the incoherent
image-bearing beam prior to grating formation. This serves to selectively decay (enhance)
the applied transverse electric field in exposed (unexposed) regions of the crystal. After
this pre-exposure, the coherent writing beams are then allowed to interfere within the
crystal, causing grating formation with spatially varying efficiency due to significant
differences in the local effective applied field.

in the Simultaneous Erasure/Writing Mode, the incoherent image modulation, the coherent
grating formation process, and the readout function are performed simultaneously. In one
possible implementation of this mode, the conventional degenerate four-wave mixing geometry
can be modified to include simultaneous exposure by an incoherent image-bearing
illumination, as shown schematically in Fig. 1. In this configuration, the coherent replica
of the incoherently-exposed image appears in the conjugate diffracted beam.

The PICOC process can thus be regarded as caused by selective spatial modulation of
a grating by spatial encoding of an incoherent erasure beam. It should be noted here that a
related image encoding process could be implemented in a non-holographic manner by
pre-multiplication of the image with a grating 110].

PHOTOREFRACTIVE INCOHERENT-TO-COHERENT OPTICAL CONVERSION

In the remainder of this paper, we examine the Simultaneous Erasure/Writing Node in
more detail. As a specific example, we will discuss the configuration in which the coherent
writing beams and the incoherent image-bearing beam illuminate the same face of a BSO
photorefractive crystal, with a transverse electric field applied along the <110> axis as
shown in Fig. 2. Consider an incident intensity distribution of the form

IT(x) = IG(x) + Is(X) ()
G(U + mG cos K GX) + I (1 + M cos K X)Co

with I n rI + IG and - 2(1 I)/2/I., in which KG and K are the wavevectors of the
coheren? grafing JG) and a particalir har;8 nic component of the incoherent image (S), and
S G and as are the respective modulation ratios. Due to the nonlinear dependence of the
induced space-charge field on the incident intensity, such a distribution will generate a
refractive index modulation which can be written in the form

An(x) - C1 cos KGX + C2 cos Ksx (2)

+ C3 cos [(KG - K )x]

+ C4 cos [(K G + K s)x]

+ Other Terms.
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Note in particular that n(x) contains the sum and difference spatial frequencies as well as
the fundamental harmonics. The constants Ci(i - I to 4) represent the amplitudes of each
frequency component. Thus, the far-field diffraction pattern shown In Fig. 3 will comprise
several beams, each corresponding to a specific term in the refractive index modulation.

0 PHOTOREFRACTIVE lot- I

T0

CRY STAL lo 0

fig. 3 Far-field diffraction pattern
* resulting from the nonlinear interaction of

two gratings in a photorefractive crystal.

To demonstrate incoherent-to-coherent conversion in the four-wave mixing configuration, .,

the experimental arrangement of rig. I was utilized with a 1.3 MN thisk (110)-cut BSO
crystal. A transverse electric field CE0 w 4 ky/cm) was applied along the <110> axis, and .
the carrier frequency of the holographic grating Cf - 300 line pairs/=n) was chosen to lie

* within the optimum range for drift-aided charge transport In 380 1li].

In this implementation, the two plane wave writing beams (labeled_ 11 and 12) are
generated from an argon laser ('6* 514 nm) and interfere inside the (110)-cut DSO crystal to
create a volume phase hologram. ,The readout beam I,; collinear with I, to satisfy the Bragg IP6

C-ga 

, ..N a

condition, Is diffracted to form the phase Conugl beau 1"4 at the same wavelength.
increased diffraction efficiency results when a transvers ectric field is applied to the
electrooptic medium. An incoherently Illuminated transparency o(u, y), with Intensity
I Cx'Y) (either quasi-monochromatic o white light), Is Imaged In the plane of the crystal.

ys beam-splitter DS separates the diffracted signal from the writing beam, and the
polarizing filter P in the output plane eliminates the unwanted scattered light to enhance
the signal-to-noise ratio 1121. ertically poar zd coherent writing beam and signal
Intensities Were 11 2 a04 W/cm ean I -Sm/cu , respectively. The incoherent
Iliumination was prbvided by a xenon ac lamp through a broadband filter centered at
ka 545 nm (VWUN - 100 am).

The converted i dages obtained from two binary transparencies (a spoke target and a USAF
resolution target) o and from a black and white @lide with grey levels are shown in rigs. 4
and 5, respectively. The original transparency and its converted Image have rtvrsed
contrast. An approximate resolution of 15 line pairs/gn (as derived from the resolution
target image) was achieved without optimizing factors such an the optical properties and
quality of the crystal, the depth of focus In the bulk of the medium, the carrier frequency
of the grating, the relative Intensities and wavelengths of the various beams, or the Bragg
diffraction condition (discussed below). this s thial bandwidth Is comparable to that""
obtained with a M 131 or a liquid crystal light valve 114).

A number of distinct factors Influence the ultimate resolution achievable with the
PICOC spatial light mdulator. These factors can be classified as geometric, s and 0
materials-related In matureoBch of these resolution limitations are described idetail
below.

M rget I mge) a a e w h optim zing factors such,' - s .e. o t a p e t and
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F ig. 4 Photorefractive incoherent-to-
coherent optical conversion of two binary
transparencies: (a) spoke target, and (b)

r USA resolution target.

Geometric resolution limitations derive principally from the incorporation of an
Incoherent Imaging system In the four-wave mixing geometry, and from the finite crystal
thickness required to create a volume holographic grating. Theme effects are illustrated in
figs. 9 and 7. Figure 6 describes the case for which asd<1, such that the induced

*( holographic grating has finite amplitude throughout the volume of the crystal. As can be
seen from the Figure, the optimum focal point occurs in the volume of the crystal (in the
center when esd<<l)o, and Is not localized on the front surface of the crystal. The

* resolution will then be proportional to (V/2)'., which is In turn equal to 4n F#ld. In this
expression, a Is the refractive index of the electrooptic crystal, P0 Is the F-number of the
Input Incoherent imaging system (assumed 1:1). and d Is the Crystal thickness. For example# C
fot nk a 2.5. d a Im,# and an ?-number of 5# the resolution limit is approximately 50 line
pais/. Figure 7 describes the case for which a d)>l, such that the Induced _bolographic

I( grating has significant amplitude only within a thn layer of thickness d~ff a 11I this
case, the resolution willI be given by 4n FesS. For n a 2.5, d a lmm, as a 00cm- 0 and
an F-number of 5, the resolution limit Is approximately 500 line pairs/rn.

Sevea stemic resolution constraints derive from the utilization of a volume
hologtm Inc eImage conversion process. One such constraint Is that the coherent grating

spatial frequency must be significantly larger than the signal (Incoherent Image) bandwidth
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in order to effect separation of the 0th and 1St order diffracted beam components. in
* addition, the range of spatial frequencies distributed about the coherent grating spatial

frequency should be in an optimum region of the modulation transfer characteristic of the
* device. I

PHOTOREFRACTIVE INCOHERENT -TO- COHERENT
PHOTOREFRACTIVE INCOHERENT -TO-COHERENT OPTICAL CONVERTER:

OPTiCAL. CONVERTER: GEOMETRIC CONSTRAINTS
GEOMETRIC CONSTRAINTS

71 I 7

CASE : ad(1 R - L ~ 4 F
CW/2) dCASE!1: ad)-,I R - a4nF~o

EXAMPLE: FOR n z2.5. dimm. F*%5, (W/2)

R x50 line Dois /mm EXAMPLE: FOR n-2.5, dr-Imm, F*--5, a C)Ocm'

Ruz 500 line pairs/m

i I Ii

Fig. 6 Geometric constraints imposed on Fig. 7 Geometric constraints imposed on
PICOC resolution by the finite F-number of PICOC resolution by the finite F-number of
the input optics, for the caseaid < 1. the input optics, for the case ad >> 1.

* A third fundamental systemic constraint on the PICOC device resolution derives fron
* Bragg detuning effects associated directly with the use of a volume hologram. This effect

is strikingly illustrated in Figure 8, which is comprised of converted images of a 5 line
pair/mm Ronchi ruling and their related coherent Fourier transforms, for two orthogonal

orientations of the incoherent grating wavevector relative to the coherent grating
wavevector. As can be seen from the Figure, a significant difference in resolution existsIbetween cases in which the wavevector of the ruling (incoherent grating) is parallel or
perpendicular to the coherently-written (holographic) grating. This difference derives
principally from a wavevector matching condition, as shown in Figs. 9andl10. In Fig. 9, the
incoherent grating wavevector is parallel to the coherent grating wavevector, a condition

* achieved by symuetticaly disposing the incident coherent beams about the normal to the
crystal, while simultaneously arranging the incoherent Imaging system such that its optical
axis is parallel to the crystal normal. In this case, significant Bragg detuning occurs for

*even small incoherent grating wavevectors (resulting in angular deviations of the diffracted
* beam). In Fig. 10, the incoherent grating wavevector is arranged to lie tangent to the

circle defined by the incident coherent grating wavevectors, such that a significantly
increased angular deviation of the diffracted beam Is allowed before significant Bragg

*detuning effects occur.- Such a. wavevector tangency condition is automatically satisfied
*when the incoherent grating wavievector is normal to the coherent grating wavevector (as it
-is in the orientation normal to the plane of incidence). For the arrangement described in
*Fig. 10, wavievector tangency Is assured f or both orientations, so that the horizontal and
*vertical resolutions become degenerate for this case. An equivalent condition is described-

In Ref. 171 for the case of distinct reading and writing beam wavelengths.

A fourth related systemic constraint Involves the tradeoff between saturation
* diffraction efficiency and achievable resolution due to grating thickness. Within limits,
*increases In grating thickness increase the diffraction efficiency, but at the sme time
* Increase the Bragg detunintr per unit angle. This condition creates a familiar

resolution/sensitivity tradeoff situation in which one can be optimized at the expense of
the other. 11

device

-bV ' -a q
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Additional resolution limitations derive from material parameter constraints that
influence the physics of grating formation. This limitation is essentially described by the
behavior of the diffraction efficiency as a function of the spatial frequency with the
applied transverse electric field as a parameter [l]. The amplitude modulation transfer
function of the grating itself depends on the spatial frequency dependence of the maximum

* O space-charge field, which in turn depends on carrier nobilities and lifetimes, the applied
field, the nature and distribution of traps in the crystal, and the trap occupancy (Fermi)
level.

Optimization of the PICOC device resolution necessarily Involves simultaneous
satisfaction of all three types of constraints, and must be undertaken also in compromise

* with factors that directly affect the device sensitivity. In succeeding paragraphs, we

FT%

FT

Ronc-Ruing Foulror Transform

:' 5 6 mm

Fig. 8 Coherent replica images and

corresponding Fourier transforms of a 5
line pair per m Ronchi ruling after
photorefractive incoherent-to-coherent
conversion.

present a model that allows the device sensitivity to be understood and optimized. It
should be noted bere that amplification via energy transfer has been observed in the
four-wave mixing configuration in BSaTiO 3 115], and in the two-wave mixing configuration in a
SSO crystal 116, 171. By utilizing this effect In the PICOC geometry described in this
paper, incoherent-to-coherent conversion could be performed with improved energy sensitivity
without sacrifice of resolution.

The following simple model describes the encoding of the Incoherent information onto
the coherent diffracted beam, by taking Into account only the effective modulation ratio of
the exposure in the bulk of the photorefractive material. The different Intensities
Incident on the crystal are as shown in Fig. 2. The Intensity pattern resulting from
simultaneous Illumination with the coherent writing beams and the Incoherent image-bearing
beam Is given by Eqn. (1), which describes the case of a one-dimensional incoherent
sinusoidal grating with a fundamental component at wavevector Rs. The space-charge field
a Is related to the current density 7(x, t) and the free-carrier concentration n(x, t)
tnrough the following system of equations 16]
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¢t •EOUIPHASE %L

AK. +K
Ks .KG  S_.

KG+K s , K6-K s  -4K.ak4"

k2'

Fig. 9 Wavevector diagram of the photorefractive incoherent-to-

coherent conversion process, for the case of collinear signal (Ks)
and grating (KG) wavevectors. Readout with a beam incident at
wavevector k3 results in diffracted beams at k4 + and k4-, with
corresponding Bragg mismatches LI+ and AK..

Current density equation

.(xt) M O a .*n(x~t) teSt) + "0 (3)

Continuity equation r

an(x,t) (t) - d 1 (x,t)
*(x) + "3" (4)

Naxwell's equation (integral form)

1 t
2 (x,t) a-- J(x,t)dt * G(t) (5)sc

L

P / c(x.t)dx - 0 (6)

0

in which g(x) is the generation rate, n d is the free-carrier concentration in the dark,
to Is the applied transverse field, and G(t) In a boundary condition-dependent constant of
integration. If one assumes that the quantum efficiency C, which Is the probability of
creating a free electron by an absorbed photon of energy hai, Is not wavelength-dependent in
the range of interest, the Intensity distribution 1,(x) gives rise to the free-carrier
generation rate

2(W) I U a Cos ROM exP(-Gd) I j IS(1 * Cos Ksx) e3P(-*sd) (7)

VS 5



128'.*

EQUIPHASECIRCLE AK._,
K _ KS-K

6KG
KG + K S 

LS

aK*a

k,4-

kl k k4+ 'o ,

•0
Fig. 10 Wavevector diagram of the photorefractive incoherent-to-
coherent optical conversion process, for the case wherein the signal
wavevector is tangent to the equiphase circle. Readout with a beam 4
incident at wavevector k3 results in diffracted beams at k44 and k4-,
with significantly reduced Bragg mismatches &K+ and AK..

in which d is the crystal thickness, and the intensity absorption coefficients are as at
As and MG at AG. Since free-carrier redistribution will occur both by drift and diffusion, ,.
the resultant space-charge field will depend on both the carrier concentration n(x) and its R
spatial gradient an/ax. Solution of this system of equations Is extremely complicated in
general, and must be accomplished in the context of boundary conditions applicable to a
given experimental situation. In the development that follows, several simplifying
assumptions are made that are appropriate for the SEWN configuration in the steady state,
and in the large transverse applied field limit (to enhance the saturation diffraction
efficiency).

In the saturation regime (steady state), the current density Is constant and the
carrier concentration is given by

nbx) - nd + Tg(x) (a) ..

in which the free-carrier lifetime T Is assumed to be the same for the writing and the
erasure beams, and unaffected by the presence or absence of illumination. Zn the strong
drift regime for which the applied field Is such larger than the diffusion field .-
(to >> tDo ZD a KkST/e), solution of the system of Zqns. (3-4) subject to the additional 0
constraints expressed in Zqns. (7) and (8) yields the following expression for the
space-charge field

off off
~~W mG 3~i K0 5 5 Z~i ~ (9)se I + omfcos K x + noffcos K x

( z 
"-..i-.

m. cooK 4m ixos K x ~1. ~
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with

~+ S - (10) [( d

a = GS Y8

*and

Meff nS (11)

1 * S S exp [(aG - 5 )d]

Assuming further that the effective fringe modulation catios (f m| ) are small and that
Ens << FG << Eo , the space-charge field amplitudes at each harmonic component of interest
are given by:

, s(K) Wi-ff E0 (12)
se G

( +f off m O (13)sc ig ]S)  mG MSG

E (K R *ff off EO 14fmsc ( G  S  4S

The refractive index modulation induced along a principal axis by the electrooptic effect is
then given by

Lnlx) - n03 r41 Es(x) (15)

1 3 eff mff _mff-yn 4  G (Cos KX- m o( X- m o(r- Sx

or, by combining terms,

C

1 3 effof
An(x) -r no -r a r, zm 0 11 - US cosXSXcos Re. (16)

pattern In the first order of the carrier grating can be exprese by the relation

I (x) a 1 2 1 4mef Cos (1K

In the Kogelnik formulation 119). This expression demonstrates that the Information
contained In the Incoherent incident intensity distribution Il() (Sle Iqn. (1)) 1i
transferred onto the coherent diffracted beam, performing an incoherent-to-coherent

conversion In which the original contrast Is reversed.

°W t
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For the case of uniform erasure (Ks * 0), the diffracted beams I and 110 are
degenerate (see Fig. 3). For the case of modulated erasure (IS 0 0). this aegeneracy is
broken and separate beams are observed. The diffraction efficiencies In these two cases are
given by:

* f f(R2 Z2 (

ff ff 2 2

(I) -t (19)

( 11 [m (R)m (R)] E0

where R is the ratio of the incoherent to the coherent beam intensities (R - IS/IG).
Figures 11 and 12 illustrate the normalized diffraction efficiency of the 110 beam for three
typical erasure wavelengths ()Xq). The parameter As is the ratio of the erasure beam to the
writing beam intensity absorption coefficients (As * @SG). It is interesting to note that
the maximum energy sensitivity does not generally occur for wavelength-matching (X )-
In fact, two limiting situations can be recognized. For a thin crystal (Fig. 1i), the
optimum sensitivity is obtained with a strongly absorbed erasure beam because the generation
rate increases with the ratio As, while the attenuation factor (exp(*G - es)d) has almost no
effect on the effective modulation n~ff.  Conversely, for a thick crystal (Fig. 12), the
exponential term dominates and the optimum sensitivity is achieved when the incoherent
source has the same wavelength as the laser with which the carrier grating is recorded.
This is intuitively appealing since the phase grating is most effectively erased throughout
the volume of the crystal for the case of wavelength matching.

UNIFORM ERASURE (11) UNIFORM ERASURE (10).
0.9 XGa 5 R n () 0.9 1%r 514 nm

U 0.8 d a 0.13 cm t,0, d I cm
z 2

LAas, 0ss 5,4nm 
6- 0.6 L 6

02 0.5 AsO.1, &s,633nm2
AA 5 ., )4s633nm OA

A, s . %S 488nm

q :
O.t_ 06 .,1

0.2 '-p.

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
INTENSITY RATIO (R) INTENSITY RATIO (R)

fig. 11 Normalized diffraction efficiency Fig. 12 Normalized diffraction efficiency
of the I10 beam (Uniform Erasure) as a of the 11o beam (Uniform trasure)as a
function of the intensity ratio (a) for a function of the intensity ratio (R) for a
0.13 cp thick crystal. Three signal beam 1.0 ca thick crystal. Three signal beam
(S) wavelengths (As) with corresponding (S) wavelengths (xs) with corresponding
absorption coefficients (A.) are used to absorption coefficients (As) are used to
erase the coherent grating written at erase the coherent grating written at
wavelength X(;. wavelength Ag.
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The normalized diffraction efficiency for the beam Ill in the case of modulated erasure
is shown in Fig. 13. As predicted by Bqn. (19), a maximum ezists for 3eff a 1 where:

Rff - R S - exp(G - )d (20)

The existence of such a maximum is explained by the following. It is clear that when
Reff - 0, there is no diffraction in the I1,direction. In addition, when Ref f is large, the
uniform component of the incoherent exposure almost completely erases the carrier grating
and the diffracted intensity vanishes. Furthermore, a small intensity ratio (Reff - 1)
generates the maximum signal (Il6), but the uniform erasure (i10) is weak and as a result
the overall contrast is low. onversely, a large ratio (jt*ff>>l), decreases the modulation
miff, but at the same time diffraction in the beam 10 is mninized so that the overall
contrast is enhanced at the expense of sensitivity. In Figs. 4 and 5, R was set equal to 10

1.0

0.9- AS-2, S. z488nm
> 0.8
Z 0.7-As:O.I. )"Z633nmW0.7

& A5 
. 

* hs" 514 nm
0.6

Z 0.5 MODULATED ERASURE (1,)
01-0.4 ho a514 nm

W. d a0.t3 cm

WL0.3

0.t

0 1 2 3 4 5 6 7 8 9 10
INTENSITY RATIO (R)

Fig. 13 normalized diffraction efficiency
of the Ill beam (Modulated Erasure) as a
function of the intensity ratio (W) for a
0.13 cm-thick crystal. Three signal beam
(8) wavelengths (AS) with corresponding
absorption coefficients (As) are used to
rase the coherent grating written at
wavelength 1c.

in order to maximize the contrast in the negative imaging mode. nowever, a number of
specialized readout techniques (e.g. Schlieren, phase contrast) could be employed to
simultaneously optimize the signal intensity and the contrast ratio.

To verify the essential predictions of this simple model described above, the
experimental arrangement shown in Fig. 14 has been utilized. The carrier grating is
recorded in the 380 crystal at AG a 514 am and read out with a Ne-Ne laser at 41 - 633 nm
Incident at the Sragg angle. The incohetent grating Is formed with a Michelson
interfetometer (X4, 15) using the blue line of the argon laser 4 m: . The far-field
diffraction pattern Is located in the Fourier plane of (Je lens The results of
theoretical calculations and experimental measurements of the normalized diffraction

t.."..
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PICOC: Experimental Set-up for Sensitometry and Transfer
Function Measurements

*m

'".

*s

MO

Fig. 14 Experimental arrangement for sensitivity and transfer function
measurements, as described in detail in the text.

efficiency as a function of the intensity ratio R are presented in Fig. 15 for the case of
uniform ( erasure, and in Fig. 16 for the case of modulated (1,,) erasure. The general .
behavior c1 these curves is in agreement with the model. The discrepancy in the amplitude
between the theoretical prediction and the experimental measurement likely derives frowm a
large difference in grating modulation ratio between the two treatments. Experimentally, a
large modulation ratio (mG % 1) was employed in order to increase the diffracted intensity
for the purpose of signal-to-noise ratio enhancement. In the theoretical development,
however, the assumption of small modulation ratios (mt<<l) was necessary to achieve analytic
solution of the nonlinear coupled equations. An increase in the modulation ratio results in
increased space charge field gradients that in turn enhance erasure sensitivity, as
indicated by the experimental results shown in Fig. 15. This heightened sensitivity is 0 -

strongly diminished at larger intensity ratios due to the reduced effective modulation ratio
that results from uniform grating erasure. This explanation of the uniform erasure case
also aids in understanding the behavior shown in Fig. 16 for the modulated case (111). At
the larger (experimental) modulation ratio, the uniform component of the incoherent erasure
beam is more effective in diminishing the carrier grating (represented by 11o - see Fig. 15)
than the (low modulation ratio) theory predicts, resulting in a decrease in sensitivity of
11, at low values of R. On the other hand, for values of R much greater than 1, the carrier
grating is erased more slowly than in the theoretical prediction. This results in a more
gradual decline in the 112 diffraction efficiency with increasing R than would occur at
lower modulation ratios (see Fig. 16).

T h r general temporal response behavior of the III (inforition-bearing) diffracted beamIn Fig. 17 for the two cases R - 1.5 and R - 5.0. Zn this experiment, the coherent

grating Is established and in the saturation regime at time t - 0, at which point the
incoherent erasure beam Is allowed to expose the crystal. For a small ratio

n (It - 0.6 mW/cm2  In Fig. 17), the diffraction efficiency increases steadily with time
until it reaches a maximum. nowever, for a strong incoherent beam (Is - 2 mW/cm' in Fig. .i17), a transient effect appears. Initially, the beam 119 is quite intense and diffracts "5
from the composite grating at Kg + KS to generate a rapid rise in the amplitude of I11, but
the uniform part of the incoherent illumination simultaneously erases the coherent carrier
grating and hence the diffraction efficiency decreases to a small steady-state value. The
time constant for this particular set of experimental parameters is in the range 0.5-1.5
sec.1, although the device response time can be decreased by increasing the intensity of the
carrier grating writing beams. in addition, the response time is strongly dependent on a
number of intrinsic and extrinsic materials parameters. The full range of variation
possible for the temporal behavior characteristic Is not firmly established at this point.*,
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Fig. 15 Normalized experimental Fig. 16 Normalized experimental
diffraction efficiency of the 10 beam diffraction efficiency of the I,, beam
(Uniform Erasure) as a function of the (Modulated Erasure) as a function of the
intensity ratio (R). The corresponding intensity ratio (R). The corresponding
theoretical prediction is also shown for theoretical prediction is also shown for
comparison. comparison.
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Fig. 17 Measured diffraction efficiency of
the 11, beam (Modulated Erasure) as a
function of response tim for two values of
the signal intensity.
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In conclusion, we have demonstrated the feasibility of real-time incoherent-to-coherent
conversion utilizing phase conjugation In photorefractive BSO crystals. The physical basis
of this effect is explained with a simple model which takes into account the influence of

* the effective modulation ratio on the diffraction efficiency of the different diffracted
beams. Although the results are preliminary, the device which is proposed in this paper has
potential for incoherent-to-coherent conversion with high resolution, which can be realized
by optimizing the wavevector matching condition and the relative intensities and wavelengths

-" of the various beams. In addition, the PICOC device is quite attractive from considerations
of low cost, ease of fabrication, and broad availability. With such a device, numerous
optical processing functions can be directly implemented that utilize the flexibility
afforded by the simultaneous availability of incoherent-to-coherent conversion and volume
holographic storage.
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